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Recently, there has been a profound increase in demand of plant-based proteins,
especially pulse proteins. However, pulses contain high concentrations of antinutritional
factors that hinder the digestibility of proteins. Processing techniques such as enzymatic
hydrolysis, microbial fermentation, and physical processing modulate nutritional quality
and functionality of pulses. Processing also releases peptides from parent proteins that
exhibit health beneficial bioactivity against various disease risk factors. In this study,
germination, gastrointestinal digestion, and microbial fermentation were evaluated to
determine the nutritional quality and release of bioactive peptides during and after
processing.
Germination of chickpeas (Cicer arietinum L.) modulated the protein profile, and
the addition of simulated gastrointestinal digestion improved digestibility of chickpea
proteins. Germinated and digested chickpeas exhibited high antioxidant activity in an in
vitro cell model, but the peptide profile obtained through mass spectrometry revealed no
significant differences in di- and tripeptides identified in chickpeas.
Microbial fermentation was performed on Great Northern beans (Phaseolus
vulgaris L.) with Limosilactobacillus reuteri LTH5448, which is a strain known for

producing bioactive g-glutamyl peptides. Microbial fermentation effectively modulated
the total peptide concentration of Great Northern beans. Mass spectrometry analysis
revealed changes in concentration of several g-glutamyl peptides and the fermented
extract exhibited in vitro anti-inflammatory activity. This study empowers the plant
protein industry on how processing methods can modulate the nutritional profile and
produce health beneficial compounds from whole pulses.
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CHAPTER 1. INTRODUCTION
Recently, there has been an increase in acceptance and favorability of plant-based
proteins, particularly pulse proteins (Boye, Zare, and Pletch, 2010; Bassos, Los, et al.
2018). Pulse proteins include dried beans, chickpeas, and peas. The protein content of
most pulses ranges from 17-30%, and pulses like common bean contain high amounts of
essential amino acids such as lysine (Cargo-Froom, et al. 2020). However, pulses are low
in gastrointestinal (GI) digestibility and contain high concentrations of anti-nutritional
factors (phytate, trypsin inhibitor, etc.) that limit the availability of nutrients (CargoFroom, et al. 2020). Thus, processing methods and techniques need to be performed on
pulses to modulate the nutritional quality and functionality. Processing techniques, such
as enzymatic hydrolysis or microbial fermentation, can also modulate the food matrix and
release biologically active compounds that can ameliorate risk factors associated with
cardiovascular disease (Erdmann, et al. 2007; Rutherfurd-Markwick, 2012; Mada, Ugwu,
and Abarshi, 2019).
Germination, or sprouting, is one processing method that uses endogenous
enzymes within the seed to release peptides with storage proteins (Toldrá, et al. 2018;
Ohanenye, et al. 2020). The activation of seed metabolism during germination modulates
the nutritive value of the seed and reduces the antinutritional factors, thus increasing GI
digestibility (Ohanenye, et al. 2020). Germinated pulses and seeds have been found to
change seed microstructure and produce compounds capable of modulating oxidative
stress and other cardiovascular risk factors (Zhu, Jiang, and Thompson, 2012; Lorenzo, et
al. 2018). Germination has been used to release health-beneficial bioactive compounds
such as phenolic compounds and peptides (Ohanenye, et al. 2020). Recently, significant
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research has been performed on the structure-function relationship of antioxidative diand tripeptides from germinated pulses (Zou, et al. 2016; Zheng, et al. 2016). However,
there has been concern about the food safety of sprouts and germinated pulses due to
increases in foodborne illness outbreaks after consumption (Riggio, et al. 2019).
Microbial fermentation is another processing method that can be used to enhance
the nutritional value of pulses and release peptides with health-beneficial biological
activities. Fermentation, unlike germination, uses enzymes produced from
microorganisms to modulate storage proteins in pulses (Nkhata, et al. 2018; Tamang, et
al. 2019). Bioactive peptides produced from food fermentations have been found to
exhibit antioxidant, anti-inflammatory, and antiproliferative beneficial effects, among
others (Chai, Hui Voo, and Chen, 2020; Jakubczyk, et al. 2013). Furthermore, microbial
fermentation has been used to identify genes located in the microorganisms to enhance
production of bioactive peptides (Sofyanovich, et al. 2019; Yan, et al. 2018). In
particular, g-glutamyl peptides are peptides that have been found to exhibit antioxidant
and anti-inflammatory bioactivity in yogurt and sourdough fermentations, and the use of
certain microorganisms can enhance and modulate the release of these peptides (Lu, et al.
2021; Chen, et al. 2019; Zhao and Gänzle, 2016).
Thus, the hypothesis of the present study is that germination of pulses and
fermentation of pulses with specific microorganisms will modulate the nutritional value
and enhance concentrations of biologically active peptides. The specific objectives to
achieve the hypothesis are: 1) evaluate the efficacy of germination and simulated
gastrointestinal digestion in producing biologically active peptides from chickpeas (Cicer
arietinum L.), and 2) evaluate the efficacy of fermentation with specific microbes to
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enhance the concentration of biologically active g-glutamyl peptides from Great Northern
beans (Phaseolus vulgaris L.). Overall, this thesis contains five chapters. Chapter 1
introduces the hypothesis and objectives of this study. Chapter 2 provides a review of the
literature on various processing methods of pulses and how they can be utilized to
modulate nutritional value and production of bioactive compounds. Chapters 3 and 4
detail the materials, methods, and results of objectives 1 and 2, respectively. Finally,
Chapter 5 summarizes the conclusions that can be made from this study and suggests
future research on the processing of pulses.
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CHAPTER 2. A LITERATURE REVIEW ON PROCESSING METHODS USED
TO PRODUCE BIOACTIVE PEPTIDES FROM PULSES AND PROTEIN-RICH
FOODS.
2.1. Introduction
To accommodate the needs of consumers while also retaining the nutritional value
and availability, different processing methods and techniques are used for all types of
agricultural products. Plant-based protein-rich foods such as cereals and pulses can
sometimes require extensive processing to obtain a final product (Nkhata, et al. 2018).
There are many types of processing methods that are practiced across the world,
including milling, fermentation, germination, soaking, and extrusion, among others
(Alonso, Aguirre, and Marzo, 2000). Some of these methods require physical processing,
such as extrusion and milling, while others rely on the enzymatic hydrolysis of nutrients
to improve the nutritional value (Liu, et al. 2022).
Grains and pulses are the primary dietary protein source in many countries, and
plant-based proteins are also gaining popularity in the United States. Many grains and
pulses are not only rich in protein, but also contain essential vitamins and minerals and
are low in lipids (Shevkani, et al. 2019). However, due to their high content of antinutritional factors, some parts of proteins are indigestible due to interactions with other
components (Ohanenye, et al 2020). Thus, processing methods that use enzymatic
hydrolysis increase protein digestibility and biological properties within the food matrix.
During processing, these plant-based proteins can undergo proteolysis, allowing
the large proteins to break down into smaller constituents. These small constituents can
also under gastrointestinal digestion, where they can be broken down further and exert
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potential biological activity in the body (Toldrá, et al. 2018). Food-derived bioactive
peptides have been extensively studied in their relation to potential health-promoting
effects in humans. Once these peptides are absorbed in the gastrointestinal tract, they
need to reach the blood stream to exert benefits such as antioxidative, anti-inflammatory,
and antimicrobial activities, among others (Boye, Zare, and Pletch, 2010; Toldrá, et al.
2018).
Therefore, the future of processing methods to modulate and improve the
nutritional value of plant-based proteins is promising. Processing must be done to
improve protein accessibility and availability (Ohanenye, et al. 2020). This review will
focus on two enzymatic processing methods, germination and fermentation, that are
commonly used to modulate the nutritional value of plant-based protein-rich foods.
Germination modulates the nutritional profile via endogenous enzymes produced during
the process, while fermentation relies on the use of microorganisms and their respective
enzymes to modulate the food matrix (Nkhata, et al. 2018).
2.2. Germination as a processing method to modulate nutritional value of foods
2.2.1. Germination as a method to modulate nutritional value of proteinaceous foods
Germination has been used for the production of sprouts as well as germinated
cereals and pulses. Popular edible germinated pulses include lentil, pea, and mung bean
seeds. Recently, pulses such as chickpeas and common bean have been studied as
potential foods for germination (Santos, et al. 2020). Seed germination is categorized as a
complex process involving many biochemical changes, including the change of structure,
release of enzymes, and degradation of storage substances, such as storage proteins (Liu,
et al. 2022). Major nutrients like carbohydrates, proteins, and vitamins and minerals also
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undergo changes that are associated with the activation of endogenous enzymes,
increasing the nutritional quality (Nkhata, et al. 2018).
Briefly, germination begins with the imbibition of water phase, where the water
uptake is increased rapidly and is essential for the remaining steps. The imbibition phase
is characterized by the soaking of seeds or pulses at the beginning of the germination
process to initiate the remaining steps (Liu, et al. 2022). Then, there is a decrease in water
uptake during the process, where during this time many chemical and cellular changes
occur. The completion of germination is characterized by the emergence of a radicle,
which breaks through the seed coat and continues to grow as germination continues
(Bewley, et al. 2013; Liu, et al. 2022). Thus, the physical structure of the seed changes,
while also changing the nutritional quality and value inside the seed as well.
Germinated seeds and pulses cannot obtain energy from outside the seed during
the process, so they must degrade storage molecules, such as proteins and carbohydrates,
inside the seed to provide energy (Liu, et al. 2022). The activation of dormant enzymes
inside the seed results in enzymatic hydrolysis, using proteolytic and amylolytic enzymes
to break down proteins and carbohydrates, respectively. Seed proteins have many diverse
physiological functions and proteolysis is a major step in improving the digestibility of
proteins in seeds and pulses (Ohanenye, et al. 2020). There are many types of storage
proteins in seeds and pulses that release small peptides and free amino acids upon
hydrolysis (Toldrá, et al. 2018). There has been a correlation between an increase in
protein content and seed germination; however, other studies have also demonstrated a
decrease in protein content (Ohanenye, et al. 2020). The decrease in protein content has
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been attributed to the degradation by proteases, while the increase could be due to loss of
carbohydrates during the germination (Nhkata, et al. 2018).
The digestibility of plant-based proteins in raw seeds is low, possibly due to the
protein structure and functionality, permeability of cell walls, and the
compartmentalization of protein bodies (Becker and Yu, 2013). The low protein
digestibility is also due to the interaction of proteins and antinutritional factors found in
seeds. The most common antinutritional factors found in seeds and pulses include phytic
acid, trypsin inhibitors, and tannins (Ohanenye, et al. 2018). Phytic acid is negatively
charged and can bind to zinc and calcium, deterring absorption in the gastrointestinal
tract and thus decreasing digestibility (Bassos Los, et al. 2018; Ohanenye, et al. 2018).
Protease inhibitors, like trypsin inhibitor, inhibit activities of trypsin and chymotrypsin in
the gastrointestinal system, preventing protein digestion (Ohanenye, et al. 2018). Tanninprotein complexes within seeds and pulses also deter digestibility via the inhibition of
digestive enzymes (Zia-Uhr-Rahman and Shah, 2001). However, these antinutritional
factors can be deactivated or decreased in concentration due to processing and
particularly germination (Bewley, et al. 2013).
Although the nutritional and biochemical profile of seeds and pulses can be
favorably modulated during germination, there is also concern about the microbial safety
of sprouts. Many germinated seeds and pulses are often consumed raw or slightly cooked
and are offered in many markets and grocery stores. Unfortunately, there have been many
outbreaks of food-borne diseases and microbial contamination on sprouts. This is thought
to occur from the improper disinfection of seeds before germination (Scouten and
Beuchat, 2002). The germination process provides suitable conditions for
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microorganisms to grow, including high water activity, ambient temperature, and neutral
pH (Peñas, et al. 2010; Riggio, et al. 2019). There have been several methods evaluated
for decontamination and sanitization of seeds and pulses, including heat treatment,
radiation, and chemical treatments (Di Stefano, et al. 2019; Santos, et al. 2020). However,
these treatments can also affect the successful germination of seeds and the increase in
nutritional quality. Many studies have found that chemical treatments, such as
hypochlorite, decrease microbial contamination and do not affect the quality of
germinated seeds and sprouts (Peñas, et al. 2010). Thus, seeds and pulses need to be
properly sanitized before germination, as improper sanitization could adversely affect the
quality of the product and cause microbial food-borne illness.
The germination process, if done correctly and safely, can modulate the
nutritional and biochemical profile of seeds and pulses via enzymatic hydrolysis. During
proteolysis, small molecular peptides can be formed. These biologically active peptides
can then be isolated and identified and directly affect biological processes in the body.
2.2.2. Biological activity of peptides produced from germination
During germination, hydrolysis of storage proteins in seeds and pulses occurs due
to the activation of proteolytic enzymes. Small peptides and free amino acids are released
from proteins, and these small peptides can exert a beneficial effect on different
biological processes in the human body. There are many food-derived bioactive peptides
that influence cardiovascular health, including ones with angiotensin-converting enzyme
(ACE)-inhibitory, antioxidant, and antihypertensive activities (Erdmann, et al. 2007).
Bioactive peptides are usually between 2 and 20 amino acid residues, with a molecular
weight less than 3 kiloDaltons (kDa) (Wu, et al. 2006). With bioactive peptides, there is
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also the structure-function relationship between the amino acid residues and the
bioactivity of the overall peptide. Antioxidative tripeptides rely on the location of a
hydrophobic amino acid (such as Ala, Gly, Val, and Leu) in the N-terminal position and a
center amino acid that possesses high hydrogen bonding properties, such as Arg, Lys, or
His (Li, et al. 2011). ACE-inhibitory peptides are bioactive peptides that can inhibit the
angiotensin-converting enzyme (ACE) in the renin-angiotensin system, which inhibits
further generation of hypertensive activities in the body (Erdmann, et al. 2007). Peptides
that are ACE-inhibitory are composed of hydrophobic side chains, similar to
antioxidative peptides (Wu, et al. 2006).
Numerous studies have reported biological activity against cardiovascular health
risk factors in germinated seeds and pulses, with some of the activity being contributed to
bioactive peptides and polyphenols. Bioactive peptide peaks from germinated and
digested lentil seeds had similar IC50 values to whey proteins, showing the ACEinhibitory activity of peptides from germinated lentil (Bamdad, et al. 2009). Black beans
germinated and hydrolyzed for 120 minutes had high cellular antioxidant activity and
produced peptides that could be responsible for the anti-inflammatory activity of the
germinated beans (López-Barrios, et al. 2016). Cowpeas (Vigna unguiculata) germinated
for up to 48 hours and subjected to Alcalase® hydrolysis had high antioxidant activity. A
peptide, Thr-Thr-Ala-Gly-Leu-Leu-Glu, was identified in germinated and hydrolyzed
cowpea and found to contribute to both antioxidant and dipeptidyl peptidase-IV (DPPIV) inhibitory activity (De Souza Rocha, et al. 2014). Germinated chickpeas have also
been found to exhibit anti-inflammatory activity, and the activity was attributed to 24
different peptide sequences, containing high amounts of Ser, Glu, and Pro (Milán-Noris,
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et al. 2018). Potential ACE-inhibitory peptides have been identified in germinated
Phaseolus lunatus beans, where beans were germinated and hydrolyzed to exhibit high
concentrations of hydrophobic amino acids that could potentially attribute to the
bioactivity (Magaña, et al. 2015).
Germinated seeds and pulses have also exhibited biological activity outside of the
human cardiovascular system. Peptides from pulses have been found to have antigastrointestinal cancer potential both in vivo and in vitro (Luna-Vital and de Mejía,
2018). Protein concentrates from germinated soybean (Glycine max) hydrolyzed with
both pepsin and pancreatin were found to have antiproliferative activity against human
colon cancer cells, with peptides rich in Gln and Ser (González-Montoya, et al. 2018).
Germinated brown rice has been found to have various biological activities, including
antidiabetic, antiproliferative, and memory-improving activities (Liu, et al. 2022).
Peptides generated from germinated soybean proteins had an increase in DPP-IV and aglucosidase inhibitory activities compared to their non-germinated form (Di Stefano, et
al. 2019). Germinated and non-germinated mung beans’ peptide profiles were compared,
and it was found that there was a higher content of bioactive peptides in germinated
mung beans (Yu, et al. 2020).
Many studies identified biologically active peptides from pulses and seeds and
have also found that germinated seeds have biological activity, but there have been few
studies that show the contribution of peptides to their biological activity. More research
needs to be done to identify the peptides and amino acid sequences responsible for the
biological activity reported in germinated pulses, as well as the potential mechanism of
action. Research has been done on the potential of germinated pulses and seeds in
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conjunction with other processing methods, such as sourdough fermentation
(Montemurro, et al. 2019). However, germination needs to be further explored as a tool
for improving the nutritional quality of pulses and seeds, as well as the use of peptides for
nutraceutical and functional food purposes.
2.3. Fermentation as a processing method to modulate nutritional value of foods
2.3.1. Background and history of microbial fermentation
Fermented foods have become revolutionized across the world, with fermentation
being used as a method of preservation and for creation of flavor and nutritional
compounds in foods. All types of protein-based foods have been used as fermentation
media to produce flavorful and nutritious products. These include sheep and cow milks
(Georgalaki, et al. 2017; Nakamura, et al. 1995), pulses and cereals (Ghosh and
Chattopadhyay, 2010; Handoyo and Morita, 2006), and meat and sausages (Tamang, et
al. 2019; Ayyash, et al. 2019). Health-beneficial fermented foods are created with a
variety of processes, with a primary focus on solid state fermentation (SSF) and
submerged fermentation (SMF).
SSF is the fermentation process where a solid medium is used to control microbial
growth and the consequent formation of products that occur during the fermentation
process (Chai, et al. 2020). Little water is added to the media, as the solid substrate
usually contains enough nutrients and moisture to support growth and metabolism of the
microorganism(s). SSF can lead to high product yield and is more cost effective than
other types of fermentation (Sambo, et al. 2021). On the other hand, SMF occurs when
microorganisms grow in a majority liquid-based media containing the substrate of choice
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(Chai, et al. 2020). Unlike SSF, SMF is mainly used to produce commercial enzymes
from bacteria and other microorganisms (Coradi, et al. 2013).
Modern fermented foods vary by the type of substrate and microorganism(s) used
in the fermentation process. The choice of microorganism can lead to production of
desired compounds in the final product, including bioactive compounds (Cao, et al. 2019)
or certain flavor and aroma compounds (Gallego, et al. 2018) distinctive to the final
product. Fermentation can also be used as a step in a larger processing method to create
common fermented foods. Koji, a mash produced by the fermentation of soybeans with
the fungi Aspergillus spp., is used to make popular soy-based fermented foods like soy
sauce and miso (Chai, et al. 2020). In soy sauce production, the microorganisms used in
the fermentation do not remain in the final product; however, this is not the case for other
fermented foods. In mold-ripened cheeses, like Camembert and Gorgonzola, fungi
Penicillium spp. are consumed along with the cheese (Domingues Galli, et al. 2019).
Meat-based fermented foods and other dairy-based products like sour milk and yogurt
also contain microbes that are consumed along with the product (Benito, et al. 2005;
Marsh, et al. 2013). Plant-based fermented foods consist mainly of soybean
fermentations, but also include cereals, wheat, and other pulses. Types of soybean
fermentations include natto, tempeh, and tofuyo (Ibe, et al. 2009; Handoyo and Morita,
2006; Kuba, Shinjo, and Yasuda, 2004). Sourdough is a traditionally fermented bread
made from wheat, rye, and other types of grains (Hansen and Schieberle, 2005). Nontraditional fermented foods have also been studied, including Italian legumes and
chickpeas in sourdough and fermented beverages, respectively (Curiel, et al. 2015; Wang,
Chelikani, and Serventi, 2018).
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The process of fermentation is dependent on the matrix of the food, but the
general process involves the hydrolysis of proteins and carbohydrates via microorganisms
and their respective enzymes to enhance the bioavailability and digestibility of nutrients
and organoleptic properties, as well as improving the shelf life of the food (Nkhata, et al.
2018). During the hydrolysis of large proteins, bioactive peptides can be released by the
parent proteins and exhibit biological activity. These bioactivities include antioxidative,
anti-inflammatory, and antihypertensive activities in vivo and in vitro (Begunova, et al.
2020; Yamamoto, Maeno, and Takano, 1999; Chen, et al. 2019), which can lead to
protective effects against cardiovascular diseases in the body. These bioactive peptides
are usually short sequences of amino acids, ranging from 2-20 residues and low in
molecular weight (Wu, et al. 2006). ACE-inhibitory dipeptides are usually composed of
residues with bulky and hydrophobic side chains, while tripeptides favor residues that are
aromatic for the C-terminus, positively charged for the middle position, and hydrophobic
for the N-terminus (Wu, et al. 2006).
Fermented foods have historical significance across the world and in many
cultures. Fermentation began as a preservation method, but has since transitioned to
produce bioactives, flavor, and aroma compounds. Protein-based fermented foods use a
variety of microorganisms, including lactic acid bacteria (LAB), molds, and yeasts,
individually and in combination with each other.
Protein-based fermented foods are separated into two categories: plant- and
animal-based foods. In plant-based fermented foods, protein sources such as soybean,
cereals, and other pulses have been historically used. Rice and black gram beans,
fermented with autochthonous microorganisms such as Leuconostoc mesenteroides,
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Streptococcus thermophilus, and Trichosporan pullulans, have been used to create idli, a
commonly consumed food in India (Ghosh and Chattopadhyay, 2010). Sourdough
fermentation, using wheat and rye flour, has been found to contain LAB such as
Lactiplantibacillus plantarum (formerly Lactobacillus plantarum) and
Fructilactobacillus sanfranciscensis (formerly Lactobacillus sanfranciscensis), as well as
yeasts Saccharomyces spp. (Montemurro, et al. 2019). Soybean is a common
fermentation medium used to produce commonly consumed fermented products,
particularly in Asia. Soybeans fermented with molds Rhizopus oligosporus and
Aspergillus spp. have produced tempeh and soy sauce, respectively (Handoyo and
Morita, 2006; Allwood, Wakeling, and Bean, 2021). Soybean has also been used to create
fermented pastes, such as gochujang and douchi, found to contain autochthonous Bacillus
spp. (Ryu, et al. 2021; Li, et al. 2009).
Inversely, animal-based fermented foods use protein sources such as meat and
dairy. Many types of dairy-based fermented foods, such as fermented milks and cheeses,
originated in many parts of the world; however, many animal-based fermented sausages
and meats have been found to originate in countries in Asia. Many Lactobacillus species,
as well as yeasts like Kluyveromyces spp. and Kazachstania spp., have been found in
traditional sour milks (Marsh, et al. 2014; Rosa, et al. 2017). Yogurt, a traditional dairyfermented product, commonly uses probiotic strains Streptococcus thermophilus and
Lactobacillus delbrueckii subsp. bulgaricus (Tamang, et al. 2019). As mentioned
previously, surface-ripened cheeses such as Roquefort and Camembert use Penicillium
spp. and Geotrichum candidum molds in the fermentation process (Nout, Sarkar, and
Beuchat, 1983). Various animal proteins have been used to produce historically
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fermented foods as well. Surface-ripened sausages found in Europe have used a
combination of Penicillium spp. and Debaryomyces hansenii, as well as lactic acid
bacteria (Nout, Sarka, and Beuchat, 1983; Tamang, et al. 2019). Shrimp and fish have
also been used as fermentation media, containing microorganisms such as
Lactiplantibacillus plantarum and Bacillus subtilis (Anh, 2015). Common pork-based
fermented foods, sai-krok-prieo and nem chua, consumed in Southeastern Asia, have
been found to contain Lactobacillus spp. and Pediococcus spp. (Tran, et al. 2011).
While many plant-based fermentations rely on animal proteins from dairy and
meat, the remainder of this review will focus on plant-based proteinaceous fermentations.
These types of fermentations contain different types of proteins and nutrients, and thus
produce many types of bioactive components and constituents.
2.3.2. Microbial fermentation and production of bioactive peptides
Microbial fermentation has been used to produce commonly consumed plantbased foods for many years and in many countries throughout the world. Many plantbased food fermentations use soybeans and other pulses as the main substrate, but others
such as cereals and pseudocereals have been identified to produce bioactive compounds
as well. The main bioactive peptides studied in protein-based fermented foods are those
with angiotensin converting enzyme (ACE)-inhibitory activity, proven in chemical
assays. However, in vivo and in vitro, these ACE-inhibitory peptides can exhibit
antihypertensive activity. There are also other peptides that act on the cardiovascular
system, including those with antioxidative and antithrombotic activity, as more detailed
in the next section. This part of the review will focus on the bioactive peptides that
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exhibit activity that acts on the cardiovascular system and could modulate
cardiometabolic functions such as hypertension and oxidative stress.
Pulse-based plant fermentations are the most common and versatile type of
fermented food consumed, primarily in East Asia. Soybeans have commonly been
utilized as a medium for microbial fermentation due to their high protein content
(Handoyo and Morita, 2006). Bioactive peptides produced from soybean-based
fermented foods are abundant in many parts of the world and are mainly consumed in the
East. Natto, a fermented soybean food made with Bacillus subtilis, has been found to
contain bioactive peptides derived from the glycinin soybean protein, with the peptides
demonstrating ACE-inhibitory and antioxidant biological activity (Gibbs, et al. 2004).
Fermented tofu, a common soybean-based food in China, was found to contain ACEinhibitory peptides Ile-Phe-Leu and Trp-Leu from b-conglycinin and glycinin proteins,
respectively (Kuba, et al. 2003). Douchi, another traditional fermented soybean food
from China, was found to contain high amounts of ACE-inhibitory peptides after
fermentation with Bacillus subtilis (Li, et al. 2009). Tempeh is a fermented food from
Indonesia made with soybeans fermented with Rhizopus spp. Tamam, et al. found that
tempeh from different producers was all found to contain known antioxidative and
antihypertensive bioactive peptides, including Val-His and Ala-Leu-Glu-Pro (Tamam, et
al. 2019). Kinema, a soybean-based fermented food consumed in the Himalayan region,
was fermented with a proteolytic strain of Bacillus spp. The antioxidant activity of
kinema was tested and was found that peptide Ser-Glu-Asp-Asp-Val-Phe-Val-Ile-ProAla-Ala-Tyr-Pro-Phe was responsible for the bioactivity (Sanjukta, et al. 2021). Outside
of fermented foods, soybean-based fermented beverages have also been
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researched. Antioxidant and ACE-inhibitory bioactive peptides have been isolated and
identified in a < 10 kDa fraction of soy milk fermented with Lactiplantibacillus
plantarum C2 (Singh and Vij, 2017).
Modified soybean-based fermented foods have also been used as media with the
addition of other proteins or components capable of producing bioactive peptides. For
example, miso paste was found to contain known antihypertensive peptides Val-Pro-Pro
and Ile-Pro-Pro when casein hydrolysate was added. The casein hydrolysate was
produced by an Aspergillus oryzae protease enzyme, capable of producing these potent
peptides (Inoue, et al. 2009). A modification of soy sauce brewing resulted in the
development of a peptide-enriched soy-sauce-like seasoning capable of producing ACEinhibitory peptides Ala-Trp, Gly-Trp, Ala-Tyr, Ser-Tyr, Gly-Tyr, Ala-Phe, Val-Pro, AlaIle, and Val-Gly, and the enriched soy-sauce-like seasoning had antihypertensive effects
in animal models (Nakahara, et al. 2010). Novel ACE-inhibitory peptides have been
identified from soybean protein isolates fermented with Pediococcus pentosaceus
SLD1409, with the amino acid sequences Glu-Asp-Glu-Val-Ser-Phe-Ser-Pro, Ser-ArgPro-Phe-Asn-Leu, Arg-Ser-Pro-Phe-Asn-Leu, and Glu-Asn-Pro-Phe-Asn-Leu (Daliri, et
al. 2018).
Other pulses have also been researched for use in plant-based fermented foods,
although they are not commonly consumed as a whole fermented food. Chickpeas
fermented with Bacillus subtilis strain 1wo had increased peptide content during
fermentation time that could potentially contribute to the antioxidative activity of the
fermented chickpeas (Li and Wang, 2021). Water soluble extracts of natto, made with
kidney beans instead of soybeans, was found to have increased antioxidant and ACE-
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inhibitory activity after 18 hours of fermentation with either Bacillus subtilis or
Lactiplantibacillus plantarum, due to bioactive compounds in the extracts (Limón, et al.
2015). Fermentation of pea seeds with Lactiplantibacillus plantarum strain 299v with the
addition of in vitro digestion produced an ACE-inhibitory peptide with the sequence LysGlu-Asp-Asp-Glu-Glu-Glu-Glu-Gln-Gly-Glu-Glu-Glu (Jakubczyk, et al. 2013). Outside
of the whole seeds or extracts of seeds being fermented, previously processed pulses
fermented with various microorganisms have been found to exhibit bioactivity. Ground
and milled common bean, chickpea, and lentil flours were processed into sourdough
starters and fermented with Lactiplantibacillus plantarum C48 and Levilactobacillus
brevis AM7. These three sourdoughs were found to increase in antioxidant activity and gaminobutyric acid (GABA) content (Curiel, et al. 2015). Milk made with navy beans and
fermented with Lactobacillus delbrueckii subsp. bulgaricus, Lactobacillus helveticus
MB2-1, and Lactiplantibacillus plantarum strains B1-6 and 70810 was found to have
increased bioactivity after fermentation (Rui, et al. 2015). Milk made from common bean
(Phaseolus vulgaris L.) and inoculated with Lactobacillus spp. to make yogurt was found
to produce antioxidant and anti-inflammatory polyphenols and peptides. The bioactive
peptides were identified as g-glutamyl peptides g-glutamyl-S-methylcysteine and g-GluLeu (Chen, et al. 2019).
Outside of soybeans and other pulses, cereals and pseudocereals have been used
as a medium for fermentations, such as sourdough bread making. Depending on the
media used, these sourdoughs have also been found to produce peptides with high
biological activity. Kokumi-active g-glutamyl peptides such as g-Glu-Leu and g-Glu-Cys
have been found in wheat and rye sourdough bread made with Limosilactobacillus reuteri
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strains (Zhao and Gänzle, 2016). Known antihypertensive peptides, Ile-Pro-Pro and LeuPro-Pro were identified in bread dough and during the baking stage (Zhao, et al. 2013).
Furthermore, barley, rye, and wheat proteins, mainly prolamin, were found to produce
ACE-inhibitory peptides Leu-Gln-Pro, Leu-Leu-Pro, Val-Pro-Pro, and Ile-Pro-Pro after
sourdough production with starter culture Limosilactobacillus reuteri TMW 1.106 (Hu, et
al. 2011). Wholemeal wheat flour fermented with different species of lactic acid bacteria
were found to produce peptides with the well-known antihypertensive epitope Val-AlaPro (Rizzello, et al. 2008). Outside of common cereals such as wheat and rye, quinoa and
oats have also been used in sourdough-making to produce bioactive peptides. The
addition of quinoa flour to sourdough bread and starter cultures Lactiplantibacillus
plantarum T6B10 and Lactobacillus rossiae T0A16 was found to have increased
sensorial qualities, and a mix of quinoa and wheat fermented with Lactiplantibacillus
plantarum CRL 778 had increased proteolysis and higher amounts of peptides (Rizzello,
et al. 2016; Dallagnol, et al. 2013). Oat flakes fermented with Lactiplantibacillus
plantarum LP09 and with added enzymes was found to increase bioactive compound
bioavailability, potentially producing antioxidative peptides (Luana, et al. 2014). While
there has been some research conducted on the potential of bioactive peptides in
sourdoughs made with novel media such as quinoa and oats, further studies need to be
done on the exact mechanisms behind the process and how these bioactive peptides are
produced.
To successfully obtain bioactive peptides from fermented foods, microorganisms
involved in the process release microbial enzymes that cause proteolysis. These enzymes
then break down large proteins into small peptides and free amino acids through
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biosynthetic pathways. Most research in this area has been conducted on the enzyme
specificity of wheat and soybean proteins. Wheat proteinases retain their specificity to
particular wheat proteins during sourdough fermentation to hydrolyze protein bonds
(Gänzle, Loponen, and Gobbetti, 2008). The proteolysis in sourdough fermentation is
mainly attributed to aspartic proteinases and carboxypeptidases, namely gluten aspartic
proteinase (GlAP). GlAP has been found to form eight peptides and has a high specificity
for residues with hydrophobic side chains, such as Leu, Phe, and Tyr (Gobbetti, Smacchi,
and Corsetti, 1996). Furthermore, GlAP also has the specificity to cleave the Met-Ile
bond that can occur at the N-terminal of a peptide (Bleukx and Delcour, 2000). Proteases
from soybean fermentations have also been isolated and characterized with specificity to
particular cleavage sites in proteins. In soybean fermented with Bacillus
amyloliquefaciens FSE-68, it was found that a soybean protease, alkaline serine protease
(APR68), favored the Leu at the P1 site of soybean proteins (Cho, et al. 2003). Bioactive
oligopeptides from natto have also been identified, and it has been found that proteases
with lower specificity from Bacillus subtilis produced higher concentrations of bioactive
peptides (Gibbs, et al. 2004).
Overall, fermentation has been used as a preservation method and enhancer of
flavor and odor for thousands of years. Recently, fermentation has been used as a
processing method to produce bioactive components and in particular, bioactive peptides
from protein-rich foods. The microorganisms used in fermentations, either native to the
food or inoculated before fermentation, are critical to the production of bioactive
peptides. These microorganisms produce important enzymes that are specific to proteins
in the food, causing hydrolysis and producing peptides. However, further research needs
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to be done to determine the use of other plant-based proteins in fermentation processes
and the use of novel microorganisms.
2.4. Future research directions
The future of using various processing methods to modulate nutritional value and
produce biologically active peptides in plant-based foods is promising. Many studies
have found that processing alone, or in combination with other processing methods, can
modulate nutrients and provide potential for functional foods or nutraceuticals. In
populations where there is a need for improved protein quality and quantity, processing
methods such as germination and fermentation can be used (Ohanenye, et al. 2020).
Germination is a simple processing method that provides a wide variety of
functional ingredients and germinated edible foods have gained immense popularity
worldwide (Liu, et al. 2022). Germination alone as a processing method has been used to
produce such biologically active compounds, but there is interest surrounding the use of
both germination and another processing method. Germination and enzymatic digestion
have been used to produce bioactive compounds in both seeds and pulses (Bamdad, et al.
2009; López-Barrios, Antunes-Ricardo, and Gutiérrez-Uribe, 2016). Furthermore,
germination and high-pressure processing has also been used to increase both nutritive
and microbial quality of mung bean seeds (Peñas, et al. 2010). In a more recent study,
germinated seeds and pulses were ground into a flour and the flour was used in
sourdough fermentations, enhancing the sensorial and functional qualities of the
sourdough (Montemurro, et al. 2019).
The process of fermentation has gained interest, particularly in the use of specific
microorganisms to increase concentrations of bioactive peptides in plant-based foods. In
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sourdough fermentations, it was found that the use of Limosilactobacillus reuteri strains
increased concentrations of g-glutamyl peptides due to the genes identified in the bacteria
(Zhao and Gänzle, 2016; Yan, et al. 2018). The use of non-traditional cereals and pulses,
such as quinoa and chickpea, has also been used to create sourdough bread with increased
chemical and texture features (Rizzello, et al. 2016; Hatzikamari, et al. 2007; Dallagnol,
et al. 2013). Oats have also been used as novel protein sources to obtain bioactive
constituents, as well as for the creation of a novel fermented beverage (Bernat, et al.
2014). Fermentation with the addition of simulated gastrointestinal digestion has been
found to produce bioactive peptides with high antioxidative activity in soybean (Sanjukta,
et al. 2021).
Overall, the future of various processing methods to produce and increase
concentration of bioactive peptides is strong. However, more research needs to be done
on the potential of both germination and fermentation together as a method to increase
concentrations of bioactive peptides, as well as the use of novel microorganisms and their
genes to produce peptides with novel health benefits.
2.5. Conclusion
Many processing methods can be used to modulate the nutritive value and
potential bioactivity in plant-based protein-rich foods. Due to high concentrations of
antinutritional factors and low protein digestibility, processing is required for these foods.
It is important to modulate the protein structure and bioavailability via enzymatic
processing methods, like germination and fermentation. This allows for the activation of
enzymes to release small peptides that can exert biological activity and health-promoting
effects for humans.
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Germination and fermentation require the use of endogenous and microbial
enzymes, respectively. The use of these processing methods allows the nutritive value to
increase, and the potential for bioactive peptides to be released as well. As discussed in
this review, bioactive peptides from plant-based protein-rich foods can exert many
biological activities, including ACE-inhibitory, antioxidant, and antihypertensive
activities. However, the peptides must be bioavailable and bioaccessible in the human
body in order to exert such activities. Thus, more research needs to be done on these
processing methods and their bioactive peptides on the health-promoting effects in the
human body.
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CHAPTER 3. USE OF GERMINATION AND SIMULATED
GASTROINTESTINAL DIGESTION AS PROCESSING METHODS TO
IDENTIFY POTENTIAL BIOLOGICALLY ACTIVE PEPTIDES FROM
CHICKPEA (CICER ARIETINUM L.)
Abstract
Plant-based proteins, in particular pulse proteins, have grown in popularity
worldwide. Storage proteins in pulses can release peptides with health beneficial
activities upon enzymatic hydrolysis, microbial fermentation, physical processing, or
gastrointestinal digestion. Germination, or sprouting, has been shown to be an effective
processing method to release peptides. However, the combination of germination and
gastrointestinal digestion in enhancing the release of peptides with potential biological
activities has yet to be elucidated. Thus, the present study aims to illustrate the impact of
germination and gastrointestinal digestion on the release of peptides with antioxidant
activity in chickpeas (Cicer arietinum L.). Analysis of total protein and peptide content
and protein separation by gel electrophoresis confirmed that germination for 3 days
increased the protein and peptide content and denaturation of the storage proteins in
chickpeas. After simulated gastrointestinal digestion, degree of hydrolysis (DH) in the
gastric phase and peptide content of the germinated chickpea digest (GCD) significantly
increased, confirming the digestibility of large proteins. The cellular antioxidant activity
(CAA) was not statistically significant at three different dosages (10, 50, and 100 µg
GCD/mL) of day 0 and day 3 GCD. Furthermore, HILIC LC-MS/MS of identified
peptides profile revealed no significant differences in di- and tripeptide (2-3 amino acids)
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intensity at day 0 and day 3 GCD. Di- and tripeptides with potential antioxidant
bioactivity due to their structure were identified via previous research.
3.1. Introduction
The interest in plant-based protein has increased exponentially, particularly in
pulse proteins (Shevkani, et al. 2019). Chickpeas (Cicer arietinum L.) have shown to be
the third most important pulse commodity in the world, as they are consumed in many
different cultures globally and are known for their important nutritional benefits (Merga
and Haji, 2019; Gupta, et al. 2017). The protein content of chickpea ranges from 17-30%,
and the high amounts of essential amino acids such as lysine and arginine allow pulses to
possess many functional properties that provide the opportunity to produce novel health
benefits (Boye, et al. 2010). Compounds such as bioactive peptides, polyphenols, and
other small compounds contribute to the functionality of pulses by exhibiting bioactive
effects such as antioxidant, antiproliferative, and anti-inflammatory activities (Ketharin,
et al., 2019; Luna Vital, et al. 2014; Eum, et al. 2020).
Bioactive peptides are peptides that are inactive within the parent protein but are
released during processing (Mada, et al. 2019). This processing can include enzymatic
hydrolysis, microbial fermentation, or physical processing methods such as germination
and cooking (Toldrá, et al. 2018). Peptides that have a bioactive effect must retain their
structure through human gastrointestinal (GI) digestion and be absorbed intact. Once they
reach the bloodstream, they can exert their physiological bioactive function (Toldrá, et al.
2018). Most identified bioactive peptides have been found to be between 2-20 amino
acids and less than 3 kDa in molecular weight (Rutherfurd-Markwick, 2012).
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Oxidative stress, which is the increased production of reactive oxygen species
(ROS), is an increasing factor in the fatality of cardiovascular diseases. An increase in
ROS has been linked to low-density lipoprotein (LDL) oxidation and endothelial
dysfunction (Ahmadinejad, et al. 2017). Dietary antioxidants, such as vitamin C and
carotenoids, have been shown to fight against oxidative stress, but recent interest has
leaned towards antioxidative polyphenols and peptides found in dietary substances
(Erdmann, et al. 2007; Lorenzo, et al. 2018). Previous studies have discovered that edible
dry beans can modulate the cardiovascular risk factors in an in vivo model (Zhu, et al.
2012). Additionally, there has been a focus on the structure-function relationship of
antioxidative peptides regarding the amino acid sequence and related bioactivity (Zou, et
al. 2016).
One processing method that has been shown to produce beneficial bioactive
compounds is germination (Cargo-Froom, et al. 2020). During the germination process of
seeds and pulses, the seed absorbs water, which allows for the activation of metabolism.
The activation of metabolic processes produces enzymes that increase the nutritive value
and reduce concentration of antinutritional factors (phytic acid, tannins, etc.) that are
naturally present in the seed or pulse (Ohanenye, et al. 2020; Gilani, et al. 2005). Once
the metabolism is activated, a radicle emerges, starting seedling production. Germinated
pulses and seeds exhibit many physiological and chemical changes within the food,
including changes with lipid content in germinated flax seed (Wanasundara, et al. 1999),
increase in the water-soluble components in germinated soybean (Bueno, et al. 2020),
and changes in dietary fiber contents of germinated dark beans and lentils (Dueñas, et al.
2015), among others.
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Previous studies have used many types of pulses and seeds, but chickpea
germination has not been well studied. Furthermore, germination with the addition of
simulated GI digestion can further break down proteins into small peptides with potential
bioactivity (Bamdad, et al. 2009). Thus, the purpose of this study was to evaluate the
efficacy of germination and simulated gastrointestinal digestion to produce potentially
bioactive peptides from chickpeas (Cicer arietinum L.) through an in vitro antioxidant
activity method and mass spectrometry analyses.
3.2. Materials and Methods
3.2.1. Materials
Chickpeas were provided from the University of Nebraska-Lincoln Panhandle
Research Station in Scottsbluff, NE. Colorectal adenocarcinoma cells (HT-29) (ATCC
HTB-38TM), McCoy’s 5A Medium (ATCC 30-2007TM), and Penicillin-Streptomycin
solution (30-2300TM) were purchased from ATCC (Manassas, VA, USA). Trypsin/EDTA
solution (CC-5012) was purchased from Lonza (Basel, Switzerland). Hank’s Balanced
Salt Solution (HBSS; 14175095) and fetal bovine serum (FBS; A3160501) were
purchased from Thermo Scientific (Waltham, MA, USA). Phytic acid assay kit (KPHYT) was purchased from Neogen (Lansing, MI, USA). If not stated, chemicals were
reagent grade and purchased from Sigma (St. Louis, MO, USA).
3.2.2. Preparation of Germinated Chickpea
Dry chickpeas (Cicer arietinum L.) were soaked in a 2% (v/v) 0.5 M sodium
hypochlorite solution in a 1:2 ratio for 10 minutes to sterilize and inhibit microbial
growth during germination (Riggio, et al. 2019). Chickpeas were rinsed with deionized
(DI) water three times, then soaked in 100 mL DI water overnight in dark at room
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temperature (22-25o C). The following day, chickpeas were drained and rinsed with DI
water to begin germination. Chickpeas were germinated for up to five days in
germination jars with strainer lids (Kenley Mason Jars with Screen Lids, ASIN:
B078TLZ33Q) in dark at room temperature. Samples were taken at 0, 3, and 5 days. Root
length (cm) was measured, and germination efficiency calculated as such:
Germination Efficiency (GE; %) = # of germinated beans / # of total beans used
Based on root length and GE, samples taken at days 0 and 3 were used for further
analysis (Figure 3.1). Samples were stored at either -80o C and lyophilized for protein
extraction and antinutritional factors analysis or 4oC for simulated gastrointestinal
digestion.
3.2.3. Protein Extraction and Total Soluble Protein Content
Soluble protein was extracted and used to measure total protein content. Briefly,
lyophilized germinated chickpeas (day 0 and day 3) were ground into a fine powder. 30
mg of powder and 1.5 mL of a 2% NaCl (w/v) solution were added to 2 mL conical tubes
containing 2.8 mm stainless steel beads (D1033-28; Benchmark Scientific, Sayerville,
NJ, USA). Samples were homogenized in a benchtop homogenizer (BS-BEBU-3;
Benchmark Scientific, Sayerville, NJ, USA) in 40 seconds intervals at 4000 rpm. After
homogenization, samples were centrifuged at 10000 x g for 10 minutes. Extraction was
performed in triplicate for each germination day. Supernatant was collected and diluted
for total soluble protein content and further analyses.
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Lowry’s method was used to measure total soluble protein content of the
extracted supernatant (Lowry, et al. 1951). The samples were assayed in triplicate,
adjusted by sample weight, and expressed as g protein/100 g sample.
3.2.4. Total Peptide Content of Germinated Chickpea
The Pierceä Quantitative Fluorometric Peptide Assay (23290; Thermo Scientific,
Waltham, MA, USA) was used to quantify total peptide content in extracted supernatant
and germinated chickpea digest (GCD). The samples were assayed in triplicate, adjusted
by amount of soluble protein, and expressed as mg peptide/100 g sample.
3.2.5. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)
The effect of germination on extracted supernatant was assessed by SDS-PAGE
analysis. Supernatant was mixed in a 1:1 ratio with 2x Laemmli sample buffer (1610737;
Bio-Rad, Hercules, CA, USA) to obtain a 2 mg/mL protein solution and heated at 95oC
for 5 minutes. 15 µL of sample was loaded into wells of a polyacrylamide gel (4568096;
Bio-Rad, Hercules, CA, USA) to obtain a 30 µg protein concentration per well. Precision
Plus Protein Dual Color Standard was used as a molecular weight marker (1610374; BioRad, Hercules, CA, USA). The gel was run at 80 V, 0.3 A, for 90 minutes using 10X
Tris/Glycine/SDS running buffer (1610732; Bio-Rad, Hercules, CA, USA). The gel was
dyed with Coomassie Brilliant Blue R-250 for 20 minutes, followed by de-staining with a
methanol:acetic acid:DI water solution (20:10:70, v/v/v). Gel images were captured with
the Odyssey CLx imaging system (169 µM resolution, focus offset of 0.0 mm, lowest
scan quality).
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3.2.6. Phytic Acid Determination
Total phytic acid content of ground germinated chickpea was measured using the
Megazyme phytic acid/total phosphorus assay kit (K-PHYT; Neogen, Lansing, MI,
USA). Samples were assayed in triplicate.
3.2.7. Simulated Gastrointestinal Digestion
The simulated gastrointestinal digestion followed the INFOGEST protocol and
simulated GI digestion method of Nolasco, et al. 2021, with slight modifications. The
simulated salivary, gastric, and intestinal fluids were prepared as detailed in Minekus, et
al. 2014. Whole germinated chickpeas (0 or 3 days) were mashed with a mortar and
pestle to mimic mechanical chewing. Oral, gastric, and intestinal phases were marked
with a change in pH (7, 3, and 7, respectively). The end of the intestinal phase was
marked by the addition of 8 mL trypsin-chymotrypsin inhibitor. The total solution was
centrifuged at 10000 x g for 20 minutes to obtain digested and undigested fractions. Part
of the digested fraction was subjected to < 3 kDa ultracentrifugation filtration via
Amicon® Stirred Cell 200 mL (UFSC20001; Sigma, St. Louis, MO, USA) to obtain a
filtrate (< 3 kDa MW) and retentate (> 3 kDa MW). All fractions – digested, undigested,
filtrate, and retentate – were frozen at -80o C and lyophilized. The degree of hydrolysis
was determined by the pH-stat method equations (Mat, et al. 2017; Nolasco, et al. 2021).
The simulated gastrointestinal digestion was performed in triplicate. For further analysis,
the < 3 kDa germinated chickpea filtered digest, defined further as GCD, was used.
3.2.8. Cell Culture
Human colorectal adenocarcinoma cells (HT-29) (HTB-38TM; ATCC®, Manassas,
VA, USA) were grown in McCoy’s 5A Medium (30-2007TM; ATCC®, Manassas, VA,
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USA) supplemented with 0.5% Penicillin-Streptomycin cocktail (v/v) and 10% fetal
bovine serum (v/v) at 37o C and 5% CO2 in a humidified condition. Cell media was replaced
every 2 days and the cells were grown for 3-4 days to reach 90% confluency and then used
for experiments. Cells between passages 4-8 were used for this study.
3.2.9. In-vitro Antioxidant Activity
The antioxidant activity of GCD at days 0 and 3 was performed according to the
cellular antioxidant assay (Wolfe and Rui, 2007; Chen, et al. 2019) with minor
modifications (Zhang, et al. 2017). Briefly, HT-29 cells were seeded in black-sided clearbottom 96-well microplates at a density of 20,000 cells/well. After reaching 90%
confluency, the cells were washed twice with HBSS tempered at 37oC and incubated with
McCoy’s 5A Medium supplemented with 1% Penicillium-Streptomycin (v/v) cocktail
and 1% FBS (v/v) for 2 hours at 37o C. After synchronization, cells were incubated with
100 µL of GCD at dosages of 10, 50, and 100 µg GCD/mL. Cells were incubated at 37o
C and 5% CO2 or 150 minutes. After incubation, 50 µL of 50 µM of
diacetyldichlorofluorescein (DCFH-DA) was added to cells and incubated for 30 minutes
at 37o C and 5% CO2. Cells were washed twice with tempered HBSS and replaced with
50 µL of HBSS. 2’2’-azobis(2-methylpropionamidine) dihydrochloride (AAPH) was
used as the oxidizer at a concentration of 600 µM per well. 50 µL of AAPH solution was
added to each well for a total volume of 100 µL/well. Fluorescence was immediately
measured using excitation and emission wavelengths of 485 and 528 nm, respectively, at
1-minute intervals for 60 minutes. A fluorescent curve was established with the
fluorescent readings and time plotted against each other. Cellular antioxidant activity
(CAA; %) was calculated using the below equation:
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CAA unit (%) = 100 − (/ SA/ / CA) x 100
where òSA is the integrated area under the curve of the fluorescence versus time sample
curve and òCA is the integrated area under the curve of the control curve. Three independent
GCD samples were assayed in triplicate.
3.2.10. Identification of Free Amino Acids Through HPLC and UV Detector
The free amino acid analysis was done by the Proteomics and Metabolomics
Facility (PMF) at the Nebraska Center for Biotechnology at the University of NebraskaLincoln. 50 mg of GCD samples were extracted for free amino acids using a liquid-liquid
biphasic extraction with a distilled water, methanol, and chloroform solution as described
previously (Hacham, et al. 2002). Free amino acids in the samples were derivatized using
AccQ TAG Ultra Reagent (186003836; Waters Corp., Milford, MA, USA) and analyzed
using high performance liquid chromatography (HPLC) and UV detector at 254 nm.
Standard curves were run alongside the samples and used to calculate concentration of
amino acids in the samples from the peak areas detected. Analyses were performed in
triplicate and results expressed as µg/g sample.
3.2.11. Peptide Separation and Identification Using Untargeted HILIC LC-MS/MS
The small molecular weight peptide profiles from GCD were analyzed by the PMF
and followed protocols from Nolasco, et al. 2021 and Bandyopadhyay, et al. 2021, with
modifications. Lyophilized GCD was resuspended in LC-MS/MS grade water to a
concentration of 20 µg/µL. Samples were further diluted two times with 100% acetonitrile
for a 50 µg injection. Injection was loaded onto an XBridge Amide 3.5 µm column
(186004868; Waters Corp., Milford, MA, USA) using a Vanquish HPLC (Thermo Fisher,
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Waltham, MA, USA) at 45o C and a flow rate of 400 µL/minute with gradients A and B
(Nolasco, et al. 2021). The phases went as followed: 90% B to 30% B in 13 minutes, then
back to 90% B in 0.5 minutes. The data was acquired on a QE-HF mass spectrometer
(Thermo Fisher, Waltham, MA, USA) using positive ion mode, with a mass range of 60 to
900 m/z on single charge ions at 60,000 resolutions with an AGC target of 3 x 106 and a
maximum ion time of 50 ms. Ions were further fragmented by HCD using an isolation
window of 1.6 m/z at 15,000 resolutions.
Data acquired from the hydrophilic interaction chromatography (HILIC) separation
was analyzed for peptide quantification and identification using Progenesis QI (v. 2.4;
Waters Corp., Milford, MA, USA). Peak abundance was normalized for differences in
sample loading by total ion chromatogram. NIST MS/MS v. 1.0 was used for MS/MS
library search and compounds identification were filtered using a mass accuracy of < 5
ppm and an isotopic similarity of at least 90%. MS2 spectra were manually reviewed to
match MS2 spectra from the database.
3.2.12. Statistical Analysis
Data sets were confirmed to be normally distributed using the D’Agostino &
Pearson test. Statistical analysis was performed for multiple groups using a one-way
analysis of variance (ANOVA), followed by Tukey’s multiple comparisons test, or
unpaired two-tailed t-test between 0 and 3 days of chickpea germination using the
GraphPad Prism software (v. 9). Data is presented as ± standard error of the mean (SEM)
and statistical significance is considered at p < 0.05.
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3.3. Results
3.3.1. Whole Germinated Chickpea Nutritional Analysis
Chickpeas germinated for up to 5 days, with root length and germination efficiency
measured at each day, statistically increased from day 1 to days 3, 4 and 5 (p < 0.01) for
root length (Figure 3.1A), but only showed a significant difference from day 1 to day 3 (p
< 0.01) for germination efficiency (GE), as shown in Figure 3.1B. There was no significant
difference between days 3, 4, and 5 in root length and germination efficiency; therefore,
chickpeas at the start of germination (day 0) and at day 3 were chosen for further analysis.
As shown in Figure 3.2, the total soluble protein and total peptide content both
significantly increased during germination. Day 0 germinated chickpeas had a total soluble
protein content of 16.36 g protein/100 g sample compared to day 3 at 17.19 g protein/100
g sample (p < 0.05) (Figure 3.2A). The total soluble peptide content (Figure 3.2B)
significantly increased from day 0 and day 3 of germination, from 0.187 mg peptide/100 g
sample to 0.941 mg peptide/100 g sample, respectively ( p < 0.0001). The total phytic acid
content in germinated chickpea is shown in Figure 3.2C. During germination, the phytic
acid content decreased significantly (p < 0.01) due to the release of enzymes during
germination that can break down large compounds.
Figure 3.2D depicts an SDS-PAGE image of day 0 and day 3 germinated chickpeas
after protein extraction. In both days, four major bands and subunits were identified via the
NCBI protein database and previous studies (Chang, 2006). However, after 3 days of
germination, bands such as lipoxygenase at 90 kDa had completely disappeared, while the
legumin subunits at 47 kDa and vicilin subunits at 33 and 35 kDa had denatured and
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decreased in size. Bands identified at 10 kDa and 15 kDa were matched with previous
research as an albumin subunit and 7S vicilin subunits, respectively.
3.3.2. Proteolytic Activity of Germinated and GI Digested Chickpeas
Germinated chickpea samples collected at days 0 and 3 were subjected to simulated
GI digestion and ultrafiltration, further known as germinated chickpea digest (GCD). The
total peptide content of GCD significantly increased from day 0 to day 3 of germination as
shown in Figure 3.3A (p < 0.05). This is consistent with the total peptide content before GI
digestion, where it also significantly increased as germination time increased. The degree
of hydrolysis (DH) was measured and calculated through the pH-stat method. The gastric
phase (Figure 3.3B) and intestinal phase (Figure 3.3C) were measured separately (Nolasco,
et al. 2021). There was a significant increase in the gastric DH (p < 0.05) and a significant
decrease in the intestinal DH (p < 0.01). Average DH of day 0 GCD and day 3 GCD was
4.83% and 5.76%, respectively. A higher DH, shown in day 0 GCD, is caused by mild heat
treatment and use of digestive enzymes such as pepsin and pancreatin (Nolasco, et al.
2021).
Supplementary Figure 3.1 exhibits an SDS-PAGE image of day 0 and day 3 GCD.
All large proteins previously identified in germinated chickpea were degraded. No
individual small proteins or peptides were identified in day 3 that did not appear in day 0.
Bands were identified via the NCBI protein database and previous research (Chang, 2006).
Identified bands include 11S legumin subunit (47 kDa) and 7S vicilin subunits (33 and 35
kDa).
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3.3.3. In-vitro Cellular Antioxidant Activity of GCD
The in vitro antioxidant activity of GCD is represented in Figure 3.4. Three dosages
(10, 50, and 100 µg GCD/mL) were used to determine the highest dosage required for
antioxidant activity at both day 0 and day 3. In day 0 GCD, there was a significant
difference between the positive control (no GCD treatment, treated with AAPH as oxidizer
only) and the 50 µg GCD/mL (p < 0.01) and 100 µg GCD/mL dosages (p < 0.05) (Figure
3.4A). However, day 3 GCD showed a significant difference at the lowest dosage of 10 µg
GCD/mL (p < 0.01), with statistically significant decreases in AUC at 50 µg GCD/mL and
100 µg GCD/mL as well (p < 0.001) (Figure 3.4B). The cellular antioxidant activity (CAA;
%) was calculated using equations from previous studies (Chen, et al. 2019) and results are
shown in Supplementary Figure 3.2. Day 3 measured a higher CAA % than day 0 GCD,
concluding a higher antioxidant activity in germinated chickpea. However, no significant
difference was measured in CAA % was measured between any of the dosages at both day
0 and day 3 of GCD (p > 0.05).
3.3.4. Free Amino Acid and Small Peptide Identification of GCD
Supplementary Figure 3.3 shows the quantified total intensity sum of small peptides
identified and the total concentration (µg/g sample) of free amino acids in GCD. There was
no significant difference in the intensity sum (p > 0.05) of identified peptides from GCD
from days 0 and 3 (Supp. Figure 3.3A). Furthermore, there was also not a significant
difference in the total free amino acids measured in GCD between days 0 and 3 (Supp.
Figure 3.3B). Supplementary Table 3.1 summarizes the free amino acids identified and
concentrations measured in day 0 and day 3 GCD.
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3.3.5. Identification of Potential Antioxidative Peptides from GCD
Table 3.1 lists identified di- and tripeptides from GCD that could elicit potential
antioxidant bioactivity due to their structure. The full list of identified di- and tripeptides
and their respective measured intensity in day 0 and day 3 GCD is found in Supplementary
Table 3.2. Overall, 62 and 63 peptides were identified in day 0 and day 3 GCD,
respectively. Of the 63 peptides, 29 di- and tripeptides were identified as potentially
antioxidative due to structural constraints. The presence of amino acids such as Tyr, Trp,
and His indicate potential antioxidant activity. A repeating sequence of amino acid Pro and
the presence of Leu, Ile, or Phe at the N-terminus position has also been shown to indicate
possible antioxidant bioactivity.
3.4. Discussion
This study demonstrates that germination with the addition of simulated
gastrointestinal digestion was able to modulate the nutritional profile of chickpeas (Cicer
arietinum L.) and exhibit in vitro antioxidant activity. However, the combination of
processing methods was not able to produce small peptides with antioxidant activity.
Germination has been shown to modulate the nutritive value of pulses by releasing
endogenous enzymes to hydrolyze large compounds and decrease antinutritional factor
concentration, increasing protein digestibility (Cargo-Froom, et al. 2020). The combination
of germination and enzymatic digestion, such as GI digestion, further hydrolyzes proteins
and releases potentially bioactive peptides. The research behind the combination of both
germination and simulated gastrointestinal digestion of chickpeas in producing antioxidant
peptides has not been elucidated. Thus, this research is the first step in measuring the
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biological activity of germinated chickpea digest and identifying potential bioactive
peptides.
The nutritional profile of germinated chickpeas is shown in Figures 3.1 and 3.2.
Germination efficiency has been calculated in a previous study (Di Stefano, et al. 2019) to
measure the radicle emergence and the efficiency of the entire germination process. After
3 days of germination, there was no change in the root length (Figure 3.1A); however,
germination efficiency decreased after day 3 (Figure 3.1B). This was due to individual
pulses dying and the radicle not continuing to grow. For that reason, chickpeas at day 0
(start of germination) and day 3 of germination were chosen for further analysis.
Figures 3.2A and 3.2B exhibit the significant increases in total soluble protein and
total peptide contents of germinated chickpeas, respectively. Total soluble protein content
increased after 3 days of germination in chickpeas, similar to a study that has shown a
significant increase in crude protein content after 3 days of germination (El-Adawy, 2002).
Other studies have also identified increases in protein content after germination of cowpea
(Vigna unguiculata) (De Souza Rocha, et al. 2014) and soybean (Glycine max) (PaucarMenacho, 2010). There has also been a recorded decrease in protein content of germinated
chickpeas, where germination for 24 hours resulted in a non-statistically significant
decrease (Bulbula and Urga, 2018). Increases in protein content of germinated pulses could
be attributed to the use of carbohydrates as an energy source during the germination process
(Alonso, et al. 2000), decreasing carbohydrate content. As expected, the total peptide
content significantly increased over 3 days of germination. This is due to the breakdown
of large proteins by endogenous enzymes in cell matrices (Toldrá, et al. 2018). Further
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studies should analyze the total nutritional composition of chickpeas germinated for up to
3 days.
The total phytic acid content of germinated chickpea is shown in Figure 3.2C.
Phytic acid content was measured as a single antinutritional factor that was expected to
decrease during germination. To further investigate the whole profile of antinutritional
factor reduction, other antinutritional factors such as trypsin inhibitor and tannins should
be measured in germinated chickpea. The significant decrease of phytic acid content
follows the trend observed in previous research (El-Adawy, 2002; Khattak, et al. 2007),
where the highest phytic acid content is observed at the beginning of germination and
significantly decreases after 48 hours of germination. However, variability of the total
phytic acid content values from previous studies and this current study may be due to the
use of a readily available phytic acid assay kit as compared to wet chemistry methods.
The protein degradation of germinated chickpeas is depicted in an SDS-PAGE
image (Figure 3.2D). At day 0 of germination, major band and protein subunits were
identified via the NCBI protein database and previous research. However, at day 3 of
germination, lipoxygenase (90 kDa) had completely disappeared, while legumin subunits
(47 kDa) and vicilin subunits (33, 35 kDa) had denatured and decreased in size. Protein
fractions such as legumins and vicilins are part of globulin storage proteins, which is the
major protein fraction of chickpeas (Chang, et al. 2009). Sodium-hydroxide extracted
chickpea protein was found to contain lipoxygenase, 11S legumin, and 7S vicilin proteins
at 96, 23, and 35 kDa, respectively (Chang, 2006). An 11S legumin subunit has also been
identified at 47 kDa (Sánchez-Vioque, et al. 1999). The albumin subunit identified at 10
kDa did not change in size during the germination process, as well as a 7S vicilin subunit
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at ~15 kDa (Chang, 2006; Chang, et al. 2009). Albumins represent about 12% of the total
protein content of chickpeas (Sánchez-Vioque, et al. 1999). Other storage proteins,
glutelins and prolamins, are not well characterized in chickpeas (Chang, et al. 2009). The
presence of the albumin subunit and 7S vicilin subunit after germination could be the
reason the total protein content increased as well, as these proteins did not completely break
down during germination. Further studies should characterize the molecular weight of
other proteins in both raw and germinated chickpeas.
Samples collected during the germination process were subjected to simulated GI
digestion. The combination of germination and enzymatic hydrolysis, such as GI digestion,
further proteolyzes pulses and allows for release of small peptides (Di Stefano, et al. 2019).
After GI digestion, germinated chickpea digest was filtered using ultrafiltration at a cutoff
of < 3 kDa. Previous research has identified that small peptides, due to their low molecular
weight and small amino acid sequence, are more bioactive (Erdmann, et al. 2007). As
shown in Figure 3.3A, the total peptide content of germinated chickpea digest (GCD)
significantly increased from day 0 to day 3 of germination. This increase is consistent with
the increase in total peptide content before GI digestion (Figure 3.2B). Peptide content of
GCD was used as a tool to measure the proteolysis that occurs during GI digestion. The
degree of hydrolysis (DH) during digestion was also calculated, as it has been used to
measure protein digestibility of pulses (Di Stefano, et al. 2019). The pH-stat method was
used to calculate the DH of germinated and digested chickpeas (Mat, et al. 2017). This
method has previously been used to measure the DH of the gastric and intestinal phases
separately (Nolasco, et al. 2021). The DH significantly increased then decreased in the
gastric and intestinal phases, respectively from days 0 to 3 (Figures 3.3B and 3.3C).
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Overall, the average DH of germination increased, with an average at 3 days of germination
at 5.76%. A higher DH can be caused by the mild heat treatment (37o C) during GI
digestion, as well as the use of digestive enzymes such as pepsin and pancreatin (Nolasco,
et al. 2021). Germinated Phaseolus lunatus seeds were enzymatically hydrolyzed with
pepsin and pancreatin for 3 hours, and resulted in a DH of 29.28% (Magaña, et al. 2015).
This recorded DH is much higher than the DH of germinated chickpeas in this current
study. However, another study measured the DH of chickpea protein isolate produced from
chickpeas germinated for 48 hours and found that the DH reached a high of 1.89 ± 0.47%
(Sofi, et al. 2021), which more closely matches the results found in the current study.
However, there has been little research on the effect of simulated GI digestion on
germinated chickpeas; rather, many studies analyze the effect of many types of enzymatic
hydrolysis methods. In this study, the significant increase in total peptide content of GCD
and DH in the gastric phase suggests that proteolytic activity and protein digestibility does
occur during GI digestion, showing that the combination of germination and simulated GI
digestion can produce small bioactive peptides.
Protein digestibility of germinated and digested chickpeas was also measured
through SDS-PAGE, as seen in Supplementary Figure 3.1. All identified proteins from
germinated chickpeas (Figure 2D) degraded after GI digestion. All lanes of the SDS-PAGE
image looked similar between days 0 and 3 of germination. 11S legumin subunit (50 kDa)
and 7S vicilin subunits (33 and 35 kDa) were identified in the gel image of GCD. Previous
studies identified an 11S legumin subunit at 47 kDa, as well as 7S vicilin subunits at 33
and 35 kDa, matching this current data (Chang, et al. 2009). Furthermore, the albumin
subunit identified at 10 kDa was degraded after GI digestion, compared to being present
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during germination (Figure 3.2D). An albumin fraction was identified from chickpea and
hydrolyzed with Flavourzyme and Alcalase® to produce potentially bioactive peptides
(Kou, et al. 2013). However, in the current study, albumin was not identified in GCD and
was completely hydrolyzed during GI digestion.
The combination of germination and simulated gastrointestinal digestion has been
shown to produce biologically active fractions of pulses, including dipeptidyl-peptidase IV
and a-glucosidase activities (Di Stefano, et al. 2019), angiotensin-converting enzyme
(ACE) inhibitory activity (Bamdad, et al. 2009), and antioxidant activity (López-Barrios,
Antunes-Ricardo, and Gutiérrez-Uribe, 2016). However, germination and simulated GI
digestion together in producing antioxidative peptides from pulses has not been elucidated.
Thus, the in vitro antioxidant activity of the < 3 kDa fraction of germinated chickpea digest
(GCD) was measured via the total area under the fluorescent curve (AUC) (Figure 3.4). In
the 96-well plate, three controls were used against the three dosages of GCD at both day 0
and day 3. 2’2’-azobis(2-methylpropionamidine) dihydrochloride (AAPH) is used to
induce oxidation in HT-29 cells (Chen, et al. 2019). Thus, a positive control that is not
treated with GCD is used to measure high oxidation and compared against treated cells.
Day 0 GCD exhibited antioxidant activity at 50 and 100 µg GCD/mL concentrations
(Figure 3.4A). However, day 3 GCD exhibited antioxidant activity against the positive
control at the lowest dose of 10 µg GCD/mL (Figure 3.4B). The cellular antioxidant
activity (CAA; %) was calculated as well and recorded in Supplementary Figure 3.2.
Previous studies have identified that fractionated chickpea hydrolysate had a high
antioxidant activity attributed to peptide sub-fractions (Ghribi, et al. 2015). Cowpeas
germinated for up to 48 hours and hydrolyzed with Alcalase® exhibited antioxidant
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activity (De Souza Rocha, et al. 2014). Germination of other non-traditional pulses, such
as jack bean and mucuna bean, has been shown to generate antioxidant activity; however,
the increase in antioxidant activity after germination was associated with a total increase
in phenols and catechins (Aguilera, et al. 2013). Germination and enzymatic digestion of
black bean identified high CAA % from black beans germinated for one day and
hydrolyzed for 120 minutes (López-Barrios, et al. 2016). Many studies have identified
antioxidant activity of peptide fractions of germinated and digested pulses using chemical
methods; very little have researched the use of in vitro assays. Thus, this study adds to the
knowledge of using germination and simulated GI digestion in producing fractions capable
of exhibiting antioxidant activity in vitro.
After measuring the in vitro antioxidant activity of GCD, the next step was to
identify the small peptides and free amino acids that potentially contributed to the
bioactivity via HILIC LC-MS/MS. 63 di- and tripeptides were identified in day 3 GCD
(Suppl. Table 3.2). However, there was no significant difference in the total intensity of
the peptides (Suppl. Figure 3.3A). Furthermore, individual free amino acid concentrations
were measured via HPLC and DAD. The total free amino acid content (Suppl. Figure 3.3B)
and the individual amino acid concentrations (Suppl. Table 3.1) did not significantly differ
from day 0 to day 3 of GCD. However, the in vitro antioxidant activity in HT-29 cells
(Figure 3.4) identified a significant antioxidant activity in all three doses of day 3 GCD.
The perceived antioxidant activity of GCD could be attributed to small bioactive
phytochemicals or metabolites produced during the germination and simulated GI
digestion processes (Di Stefano, et al. 2019). Germination of cowpea, jack bean, dolichos,
and mucuna bean was found to increase total phenols, catechins, and proanthocyanidins
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content with a concomitant rise in antioxidant activity (Aguilera, et al. 2013). Germinated
soybeans were found to contain high phenolic and flavonoid contents (Bueno, et al. 2020)
as well as an increase in chemical antioxidant activity (Eum, et al. 2020). Although there
were no individual peptides identified in GCD that contributed to the in vitro antioxidant
activity, future work could elucidate the total phenolic content of GCD as well as identify
individual phenolic compounds and flavonoids that could contribute to the bioactivity of
GCD.
While no individual peptides identified via HILIC LC-MS/MS contributed to the
antioxidant activity of GCD, 29 of the 63 peptides could potentially elicit antioxidant
activity due to their structure (Table 3.1). Previous studies have found that dipeptides
containing tyrosine (Tyr; Y) or tryptophan (Trp; W) are more capable of radical scavenging
in 2,2-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and oxygen radical
absorbance capacity (ORAC) assays (Zheng, et al. 2016). Furthermore, the presence of
leucine (Leu; L), isoleucine (Ile; I), or phenylalanine (Phe; F) at the amino-terminus spot
of di- and tripeptides was responsible for the inhibition of lipid oxidation in a liposomal
model system (Zhang, et al. 2013). The presence of repetitive proline (Pro; P) amino acids
in the identified GCD peptide Pro-Pro-Arg could contribute to ferric reducing antioxidant
power (FRAP) values (Siow and Gan, 2013; Aluko, 2015). All di- and tripeptides listed in
Table 1 could potentially contribute to antioxidant activity. However, further research
needs to be done to elucidate the ACE-inhibitory or anti-inflammatory activities of GCD,
as well as identification and quantification of the peptides that could contribute to that
bioactivity.
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3.5. Conclusion
In summary, three days of germination was shown to modulate the protein, peptide,
and phytic acid content of chickpeas (Cicer arietinum L.), as well as modify the protein
profile via SDS-PAGE. The combination of germination with simulated GI digestion
increased total peptide content and gastric DH. The in vitro antioxidant activity of day 0
GCD measured in HT-29 cells was found to exhibit significant antioxidant activity at both
50 and 100 µg GCD/mL, while day 3 GCD exhibited bioactivity at the lowest dose of 10
µg GCD/mL compared to the positive control. HILIC LC-MS/MS and HPLC/DAD
identified and quantified small peptides and free amino acids, respectively, in GCD;
however, no significant changes were identified in the peptide profile and free amino acid
concentrations between day 0 and day 3 GCD. Further studies are required to determine if
GCD exhibits bioactivity in relation to other cardiovascular risk factors, such as ACEinhibition. The identification of phenolic compounds that could contribute to bioactivity
requires further analysis.
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Tables
Table 3.1. Potentially antioxidative di- and tripeptides identified in GCD based on their
structural constraints.
Amino Acid
Sequence
Ala-Tyr
Val-Tyr
Thr-Tyr
Leu-Tyr
Asp-Tyr
Thr-Trp
Trp-Gln
Trp-Tyr
Ile-Pro
Leu-Thr
Ile-Gln
Leu-Gln
Ile-Glu
Leu-Glu
Leu-Lys
Leu-Met
Ile-Met
Phe-Thr
Phe-Ile
Leu-Tyr
Phe-Asp-Arg

Structural
Constraints

Reported Bioactivity
from Structure

Reference

Contains Tyr (Y) and
Trp (W)

High radical
scavenging against
ABTS and ORAC

Zheng, et al.
2016

Presence of Leu (L),
Ile (I), or Phe (F) at
the N-terminus

Lipid oxidation
inhibition in a
liposomal model
system

Zhang, et al.
2013

Pro-Pro-Arg

Presence of repeating
Pro (P)

High free radical
scavenging activity
(DPPH) and ferric
reducing antioxidant
power (FRAP)

Siow and
Gan, 2013

Ala-His-Arg

Presence of His (H)

Lipid oxidation
inhibition

PeñaRamos, et
al. 2004
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Figures

Figure 3.1. Root length (cm) (A) and germination efficiency (cm) (B) of germinated
chickpea for up to 5 days. Error bars represent standard error of the mean (SEM); **
represents statistically significant difference (p < 0.01; two-tailed unpaired t-test; n = 3).
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Figure 3.2. Total soluble protein content (g protein/100 g sample) (A), total peptide
content (mg peptide/100 g sample) (B), and total phytic acid content (g phytic acid/100 g
sample) (C) of germinated chickpea. Error bars represent standard error of the mean
(SEM); *, **, and *** represent statistically significant differences (p < 0.05, p < 0.01,
and p < 0.0001, respectively; two-tailed unpaired t-test; n = 3). Sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) (D) of germinated chickpea. PM =
protein marker; A, B, C = day 0; D, E, F = day 3.
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Figure 3.3. Total peptide content (A), gastric DH (B), and intestinal DH (C) of GCD.
Error bars represent standard error of the mean (SEM); * and ** represent statistically
significant differences (p < 0.05 and p < 0.01, respectively; two-tailed unpaired t-test; n =
3).
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Figure 3.4. Antioxidant activity area under the curve (AUC) of day 0 (A) and day 3 (B)
GCD. Error bars represent standard error of the mean (SEM); *, **, and *** represent
statistically significant differences (p < 0.05, p < 0.01, and p < 0.001, respectively; ns =
no significant difference; one-way ANOVA with Tukey’s multiple comparisons test; n =
4).
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Supplementary Data

Supplementary Figure 3.1. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) of GCD. PM = protein marker; A, B, C = day 0 GCD; D, E, F = day 3
GCD.
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Supplementary Figure 3.2. Cellular antioxidant activity (CAA; %) of day 0 (A) and day
3 (B) GCD. Error bars represent standard error of the mean (SEM); ns = no significant
difference (p > 0.05; one-way ANOVA with Tukey’s multiple comparisons test; n = 4).
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Supplementary Figure 3.3. Total di- (2) and tripeptide (3) intensity (A) and total free
amino acid content (µg/g sample) (B) of GCD. Error bars represent standard error of the
mean (SEM); ns = no significant difference (p > 0.05; two-tailed unpaired t-test; n = 3).
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Supplementary Table 3.1. Concentration of free amino acids identified in day 0 and day
3 GCD.
Amino Acid
Histidine (His)
Asparagine (Asn)
Taurine
Serine (Ser)
Glutamine (Gln)
Arginine (Arg)
Aspartic acid (Asp)
Glutamic acid (Glu)
Threonine (Thr)
Alanine (Ala)
g-aminobutyric acid (GABA)
Proline (Pro)
Ornithine
Lysine (Lys)
Tyrosine (Tyr)
Methionine (Met)
Valine (Val)
Isoleucine (Ile)
Leucine (Leu)
Phenylalanine (Phe)
Tryptophan (Trp)
a
Mean ± Standard deviation, SD

Day 0 GCD (µg/g
sample)a
101.3 ± 17.4
103.6 ± 6.1
50.7 ± 5.7
80.9 ± 1.6
163.0 ± 18.8
639.4 ± 41.6
30.9 ± 10.3
105.8 ± 34.9
88.2 ± 8.0
77.9 ± 11.2
14.9 ± 2.3
16.5 ± 16.5
8.9 ± 0.7
136.6 ± 30.1
459.1 ± 57.0
80.5 ± 13.3
118.2 ± 17.5
126.8 ± 21.7
422.9 ± 41.9
746.8 ± 106.0
292.4 ± 22.1

Day 3 GCD (µg/g
sample)a
102.2 ± 2.1
108.4 ± 20.5
43.9 ± 3.1
76.1 ± 7.0
178.5 ± 8.5
565.9 ± 21.7
38.7 ± 2.1
141.0 ± 7.0
97.0 ± 7.0
90.5 ± 6.8
21.0 ± 10.6
20.2 ± 5.6
9.3 ± 0.6
182.4 ± 4.9
404.4 ± 27.5
81.2 ± 5.8
143.3 ± 17.4
133.0 ± 13.4
417.3 ± 23.6
675.0 ± 59.8
243.0 ± 22.1
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Supplementary Table 3.2. Total list of identified di- and tripeptides in GCD and their
intensity, m/z, and retention time (min).
Amino Acid
Sequence
Gly-Ile
Val-Pro
Pro-Thr
Thr-Pro
Ser-Ile
His-Ala
Pyro-Glu-Val
Pro-Ile
Pro-Leu
Ile-Pro
Val-Asn
Leu-Thr
Thr-Ile
Thr-Leu
Leu-Thr
Pro-Gln
Lys-Pro
Val-Gln
Asn-Ile
Leu-Asn
Pro-Met
Val-Glu
Glu-Val

Intensity of
Day 0a
718685 ±
514374
17731 ± 4718
9518 ± 258
198428 ± 27646
3692212 ±
582584
9801 ± 3430
650423 ±
215264
1275105 ±
386268
1816590 ±
186541
932919 ±
170656
23910 ± 5316
1762084 ±
85786
3647724 ±
702508
2415069 ±
637787
4484573 ±
571367
238646 ± 22087
157171 ± 7555
3716505 ±
1541414
5027853 ±
424619
1599642 ±
248726
332120 ± 60924
1391518 ±
135085
415136 ± 47257

Intensity of
Day 3a
626875 ±
426295
18320 ± 3865
9097 ± 1078
223864 ± 19950
4464304 ±
186343
13737 ± 2025
636029 ± 42276
1280836 ±
194307
1947339 ±
202747
1002200 ±
114319
23663 ± 7887
1855138 ±
182021
3608798 ±
522722
2436889 ±
248587
5000543 ±
347108
241190 ± 25987
143369 ± 12206
3772113 ±
348699
4996072 ±
12448
1637590 ±
67621
379891 ± 48075
1488358 ±
126037
423218 ± 72978

m/z

Retention
time (min)

189.1231

2.02

215.1388
217.118
217.1181

1.11
4.63
1.19

219.1337

2.90

227.1136

2.18

229.1181

3.55

229.1545

4.03

229.1545

5.03

229.1545

4.57

232.1291

1.11

233.1493

1.34

233.1493

1.47

233.1494

4.05

233.1494

3.48

244.1289
244.1653

1.10
2.47

246.1445

1.38

246.1445

2.95

246.1445

4.45

247.1107

2.15

247.1285

1.10

247.1286

3.01

74

Ala-Thr
Pro-His
His-Pro
Val-His
Ile-Gln
Leu-Gln
Leu-Lys
Ile-Glu
Leu-Glu
Leu-Met
Ile-Met
Met-Asp
Val-Phe
Phe-Thr
His-Leu
Pro-Arg
Met-Glu
Phe-Ile
Val-Tyr
Thr-Tyr
Arg-Asp
Leu-Tyr
Asp-Tyr
Thr-Trp
His-Arg
Trp-Gln
His-Ala-Lys
Val-Asp-Lys

3764302 ±
4412648 ±
1046497
995316
410938 ± 98140 415774 ± 72899
175208 ± 45701 117403 ± 16317
13216 ± 1697
12613 ± 726
671523 ±
832165 ± 58945
196324
5533495 ±
6640445 ±
405590
448054
60711 ± 31898
57102 ± 7897
4783146 ±
4580444 ±
1435818
1098873
6907591 ±
6475984 ±
2010787
3171277
4343096 ±
3514074 ±
1228530
259780
721880 ±
737579 ± 19057
109741
891863 ±
983531 ± 61254
109618
3148325 ±
3013906 ±
1146242
958873
2618308 ±
2786107 ±
444500
672455
6207 ± 992
7632 ± 1423
388767 ± 54629 397463 ± 91425
435845 ± 42234 492743 ± 53947
2022973 ±
2603421 ±
522869
524421
2102615 ±
2258202 ±
52896
49527
753198 ±
877375 ±
671834
176931
54936 ± 7725
60174 ± 10490
684543 ±
825368 ±
203764
214007
273843 ± 64119 250450 ± 79963
757935 ±
846861 ± 87264
100896
2272586 ±
2153663 ±
190563
805265
24031 ± 2793
26616 ± 5917
0
7991 ± 5181
275892 ± 78458 264556 ± 51432

253.1179

1.54

253.1291
253.1292
255.1448

4.80
5.24
4.60

260.1601

2.90

260.1602

3.06

260.1965

3.47

261.144

1.67

261.1441

1.91

263.1413

5.28

263.1421

5.03

265.0848

1.77

265.1542

5.82

267.1335

2.65

269.1604
272.1711
279.1004

5.87
1.98
3.12

279.1698

6.34

281.149

4.10

283.1283

2.33

290.1456

2.77

295.1647

5.13

297.1075

1.28

306.1444

4.37

312.1788

6.28

333.1533
355.2089
361.2075

5.40
8.82
3.87
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17347 ± 1905
2982264 ±
Pro-Pro-Arg
173313
Glu-Thr-Lys
53625 ± 11932
Thr-Glu-Lys
152836 ± 83893
Ala-His-Arg
158056 ± 13144
Glu-Asn-Lys
361196 ± 66697
1539307 ±
Asp-Glu-Lys
255520
Glu-Val-Phe
63616 ± 6183
418531 ±
Asp-Phe-Arg
191666
Phe-Asp-Arg
184426 ± 93698
Lys-Lys
60601 ± 20445
Pro-Phe-Arg
37180 ± 1383
a
Mean ± standard deviation (SD)
Trp-Tyr

20516 ± 4933
2739620 ±
682047
62424 ± 4723
156875 ± 29859
81683 ± 9221
301114 ± 59688
1432982 ±
140763
88778 ± 17801

368.1601

6.32

369.2238

5.01

377.2023
377.2026
383.2161
390.1977

2.20
3.77
5.74
2.31

391.1815

1.49

394.1968

5.94

174332 ± 44235

437.2137

5.26

217169 ± 24236
31045 ± 28521
24514 ± 6964

437.2138
587.366
837.4721

2.87
15.36
7.55
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CHAPTER 4. FERMENTATION OF GREAT NORTHERN BEANS (PHASEOLUS
VULGARIS L.) WITH LIMOSILACTOBACILLUS REUTERI LTH5448 TO
PRODUCE BIOLOGICALLY ACTIVE g-GLUTAMYL PEPTIDES
Abstract
Edible beans have been found to contain g-glutamyl peptides in low
concentrations. The use of Limosilactobacillus reuteri LTH5448-mediated microbial
fermentation has been found to produce g-glutamyl peptides via the g-glutamyl cysteine
ligase (GCL) pathway. Thus, this present study aimed to evaluate the microbial
fermentation of Great Northern beans (GNB; Phaseolus vulgaris L.) using
Limosilactobacillus reuteri LTH5448 in producing a fermented bean extract that
modulates in vitro anti-inflammatory activity, as well as identifying and quantifying gglutamyl peptides in fermented bean. Lb. reuteri LTH5448 wild type was grown and
subjected to microbial fermentation with GNB for up to 72 hours. pH, cell counts, and
total peptide content confirmed proteolytic activity and an increase in peptide content was
confirmed for fermentation up to 48 and 72 hours. g-EC, g-EY, g-EG, and g-EF were
found to significantly increase in concentration at 48 hours of fermentation. Furthermore,
novel g-glutamyl peptides that have not been previously identified in fermented GNB
were quantified. The fermented bean was found to be anti-inflammatory in an in vitro cell
model of TNF-a-induced human umbilical vein endothelial cells (HUVECs). Pretreatment of 72-hour fermented bean at 200 µg fermented bean/mL significantly reduced
expression of pro-inflammatory biomarker VCAM-1 and chemokine MCP-1 by 51.5%
and 32.5%, respectively, against the positive control.
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4.1. Introduction
Bioactive peptides derived from dietary sources have been shown to exhibit
various biological activities such as antimicrobial, antioxidant, immunomodulatory, antiinflammatory, and antihypertensive activities, among others (Erdmann, et al. 2007; Xu, et
al. 2019). Bioactive peptides have been identified in sources such as fish and meat, dairy,
and legumes, as well as many fermented products (Chai, et al. 2020; Toldrá, et al. 2018;
Kitts and Weiler, 2003). Bioactive peptides usually range from 2 to 20 amino acid
residues and are produced in dietary sources through enzymatic hydrolysis, nonthermal
processing, or microbial fermentation from the respective parent proteins (Hartmann and
Meisel, 2007).
One class of bioactive peptides are g-glutamyl peptides, which are formed through
iso-peptide bonds between the sidechain amines or carbonyl carbons in amino acids.
Because of the unique structure, g-glutamyl peptides are generally resistant to
gastrointestinal digestion and are found to exert various biologically activities, including
anti-inflammatory and antioxidant activates (Lu, et al. 2021; Yang, et al. 2019). gglutamyl peptides have been found to be the major contributor of kokumi flavor, which is
the feeling of mouthfulness or continuity associated with the umami taste (Dunkel,
Köster, and Hofmann, 2007). The kokumi-active g-glutamyl peptides have been shown to
activate the calcium-sensing receptor (CaSR) via allosteric modulation (Amino, et al.
2016; Broadhead, et al. 2011).
Allosteric activation of CaSR by g-glutamyl peptides has been shown to exhibit
anti-inflammatory activity in both in vitro and in vivo studies. One peptide, g-glutamyl-
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valine (g-EV), has been shown to ameliorate the inflammatory response in a mouse
model of LPS-induced sepsis (Chee, Majumder, and Mine, 2017). g-EV has been found
to prevent low grade inflammation in mouse adipocytes as well as reduce inflammation
in a colitis mouse model via CaSR activation (Xing, et al. 2019; Zhang, et al. 2015).
Recent studies have shown that intervention of g-EV can significantly reduce
inflammation in vascular endothelial cells (Guha, et al. 2020) and g-EV can be absorbed
via intestinal epithelial cells (Guha, Alvarez, and Majumder, 2021). Furthermore,
supplementation of g-EV in drinking water was found to significantly decrease blood
glucose levels in a db/db diabetic mouse model, where g-EV remained detectable in the
blood after oral intervention ((Upadhyaya, Majumder, and Moreau, 2022), making it a
bioavailable peptide with potential of reducing conditions associated with metabolic
diseases.
g-Glutamyl di- and tripeptides have been identified in many dietary sources,
including legumes and beans (Dunkel, Köster, and Hofmann, 2007). Recent research has
also identified the production of g-glutamyl peptides using microbial fermentation of
various protein-based dietary sources (Chen, et al. 2019; Zhao and Gänzle, 2016). gglutamyl peptide concentration was found to increase in sourdough fermentation with
Limosilactobacillus reuteri (formerly Lactobacillus reuteri) strains (Zhao and Gänzle,
2016). Furthermore, it was found that two genes from Lb. reuteri strain LTH5448, gcl1
and gcl2, mediated the production of g-glutamyl-isoleucine (g-EI) and g-glutamylcysteine (g-EC), respectively, in sourdough bread fermentation. These two genes mediate
the g-glutamyl cysteine ligase (GCL) pathway in the formation of g-glutamyl peptides,

79
thus modulating the production of g-glutamyl peptides fermentation with Lb. reuteri
LTH5448 (Yan, et al. 2018).
Considering the identification of bioactive g-glutamyl peptides in legumes, the
known anti-inflammatory and antihypertensive activity of g-glutamyl peptide g-EV, and
the use of Lb. reuteri LTH5448-mediated microbial fermentation to produce g-glutamyl
peptides, the main objectives of this study were to measure the growth and proteolytic
activity of Limosilactobacillus reuteri LTH5448 strains during fermentation of Great
Northern beans (Phaseolus vulgaris L.), quantify and identify g-glutamyl peptides from <
3 kDa filtered fermented bean (FFB), and evaluate the anti-inflammatory potential of gglutamyl peptide-enriched FFB in an in vitro vascular endothelial cell model.
4.2. Materials and Methods
4.2.1. Strains and Growth Conditions
Limosilactobacillus reuteri LTH5448 strains were provided by the Gänzle Lab at
the University of Alberta. Before fermentation, strain identity was performed via RTqPCR (Yan, et al. 2018). Lb. reuteri LTH5448 WT, LTH5448 Dgcl1, and LTH5448
Dgcl1gcl2 were grown in modified de Man, Rogosa, and Sharpe medium (mMRS) at 37o
C. Strains were grown and subcultured to a concentration of 1 x 108 colony forming units
(CFU)/mL according to Zhao and Gänzle, 2016.
4.2.2. Materials
Great Northern beans (GNB) were provided by the University of NebraskaLincoln Panhandle Research Station in Scottsbluff, NE. de Man, Rogosa, and Sharpe
medium (MRS; DF0881-17-5) was purchased from Fisher Scientific (Waltham, MA,
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USA). Twelve g-glutamyl peptide standards (g-EE, g-EM, g-EH, g-EA, g-EG, g-EL, g-EY,
g-EI, g-EV, g-EC, g-EF, and g-EQ) were synthesized chemically by GenScript
(Piscataway, NJ, USA). Human umbilical vein endothelial cells (HUVEC; PCS-100013TM) were purchased from ATCC (Manassas, VA, USA). Endothelial growth medium
bullet kits (CC-3162) and trypsin/EDTA solution (CC-5012) were purchased from Lonza
(Basel, Switzerland). TNF-a (ab9642) and primary antibody anti-VCAM-1 (ab134047)
were purchased from Abcam (Cambridge, UK). Intercept® PBS Blocking Buffer (92770001), IRDye® 800CW Goat anti-rabbit IgG secondary antibody (926-32211), and
CellTagTM 700 stain (926-41090) for in vitro anti-inflammatory activity were purchased
from Li-Cor (Lincoln, NE, USA). MCP-1/CCL2 Human Uncoated ELISA kit was
purchased from Invitrogen (88-7399-88; Waltham, MA, USA). If not stated, chemicals
were reagent grade and purchased from Sigma (St. Louis, MO, USA).
4.2.3. Fermentation of Great Northern beans with Limosilactobacillus reuteri LTH5448
Dry Great Northern beans were ground into a fine powder and added into a 15 mL
Eppendorf tube with sterilized tap water in a 1:3 ratio of flour to water. 100 µL of
subcultured Lb. reuteri LTH5448 at a concentration of 1 x 106 – 1 x 108 CFU/mL
suspended in tap water was added and tubes were mixed thoroughly. Tubes were
incubated at 37o C for up to 72 hours, with samples collected at 0, 4, 8, 12, 24, 48, and 72
hours in triplicate. Concomitantly, to determine if g-glutamyl peptide production was
strain specific, a chemically acidified control (CAC) of Great Northern bean flour and
water (1:3; w/v) was prepared by addition of acetic acid and lactic acid (1:4, v/v) to a pH
of 3.5 to 4 ± 0.25. The control was incubated at 37o C and samples collected at 0, 4, 8, 12,
24, 48, and 72 hours in triplicate to confirm pH stability throughout the fermentation
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process. pH of samples was measured to confirm bacterial growth and chemical
acidification in fermented and control samples, respectively. Samples were aliquoted for
bacterial counts and the remaining samples were lyophilized for future analysis.
4.2.4. Bacterial Enumeration
Lb. reuteri LTH5448 fermented samples were enumerated by centrifugation at
5000 x g for 10 minutes to obtain a supernatant. The supernatant was diluted 1:10 with
1X phosphate buffered saline (PBS), and serial dilutions were created, up to 106. 10 µL
of serially diluted samples were placed on mMRS plates in duplicate and incubated at 37o
C for 36 hours. Colonies were counted for each serial dilution and reported as log colony
forming units (CFU)/mL.
4.2.5. Protein Extraction and Total Peptide Content
Lyophilized samples were used for protein extraction and total peptide content
analysis. Briefly, 30 mg of sample powder and 1.5 mL of a 2% NaCl (w/v) solution were
added to 2 mL conical tubes that contained 2.8 mm stainless steel beads (D1033-28;
Benchmark Scientific, Sayerville, NJ, USA). Samples were homogenized in a benchtop
homogenizer (BS-BEBU-3; Benchmark Scientific, Sayerville, NJ, USA) in 40 second
intervals at 4000 rpm. After homogenization, samples were centrifuged at 10000 x g for
10 minutes (C2500-R; Labnet International, Edison, NJ, USA). Supernatant was collected
and diluted and used for total peptide content analysis.
The PierceTM Quantitative Fluorometric Peptide Assay (23290; Thermo
Scientific, Waltham, MA, USA) was used to quantify the total peptide concentration in
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the supernatant. The samples were assayed in triplicate, adjusted by sample weight, and
expressed as mg peptide/100 mg sample.
4.2.6. Sample Preparation for Quantification and Cell Culture
Lyophilized fermented GNB (0, 4, 8, 12, 48, and 72 hours) and control (0 hours)
were diluted to a 1 mg/mL solution and filtered through AmiconTM Ultra-15 Centrifugal
Filter Units with a < 3 kiloDalton molecular weight cutoff (UFC903024; Fisher
Scientific, Waltham, MA, USA). The filtered fermented bean (FFB) from the
fermentation with Lb. reuteri LTH5448 WT and chemically acidified control (CAC) were
collected and frozen at -80o C for future analysis.
4.2.7. Quantification of g-Glutamyl Peptides by Targeted HILIC-LC-MS/MS
FFB samples and CAC were diluted using LC-MS grade water for g-glutamyl
peptide quantification. LC separation and target peptide detection using multiple reaction
monitoring (MRM) transitions followed the method of Guha, et al. 2020 with some major
modifications. For LC separation, an XBridge Amide 3.5 µm, 4.6 x 100 mm column
(Waters Corp, Milford, MA, USA) was used with a flow rate of 0.8 mL/min. The
gradients of the mobile phases A (0.1% formic acid in 100% acetonitrile) and B (0.1%
formic acid in 100% water) were 10% B for 2 minutes to 70% B for 8.5 minutes, then
hold at 70% B for 2.5 minutes, then back to 10% B for 0.5 minutes. The LC system was
interfaced with a Sciex QTRAP 6500+ mass spectrometer equipped with a
TurboIonSpray electrospray ion source. Sample acquisition control and data analysis was
performed using Analyst software (v. 1.6.3). Target peptides were detected using MRM
transitions (Q1-Q3) optimized using standards for the thirteen peptides. Optimized
declustering potential (DP), entrance potential (EP), and collision cell exit potential

83
(CXP), as well as the optimal collision energies (CE) for 2 transitions for each peptide are
listed in Supplementary Table 4.1. The instrument was set up to acquire using
electrospray ionization (ESI) in the positive ion mode. The ESI operation parameters
were as follows: source temperature (TEM), 500o C; ion spray voltage (IS), 5500 V; ion
source gas 1 (GS1), 50; ion source gas 2 (GS2), 50; curtain gas (CUR), 25; and collision
gas (CAD), -3. For quantification, external standard curves for the 13 target peptides
were prepared with a solution of 90% acetonitrile/0.1% formic acid using a dilution series
containing different concentrations of the peptides and run-in duplicate alongside the
FFB and CAC samples. The linear range of the standard curve ranged from 0 to 0.77 µM
with a linear regression slope R2 of 1 and a CV of < 4% for all dilution points. Samples
were diluted to fit within the standard curve, then calculated for total concentration in
FFB and CAC and expressed in µM.
4.2.8. Cell Culture
Human umbilical vein endothelial cells (HUVECs) were grown in EGM-2
medium supplemented with 20% fetal bovine serum (v/v) and supplement pack
containing growth supplements (CC-3162; Lonza, Basel, Switzerland) at 37o C and 5%
CO2 in a humidified condition. Cell media was replaced every two days and the cells
were grown for 3-4 days to reach 90% confluency then subcultured for experiments.
Cells between passages 3-8 were used for the study.
4.2.9. In-Vitro Anti-Inflammatory Activity
The in-cell western immunoblotting assay method (ICW) was used to determine
the anti-inflammatory activity of FFB. Cells were seeded at a density of 25,000 cells/well
on sterile 96-well black-sided microplates with clear bottoms (M33089; InvitrogenTM,
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Waltham, MA, USA) and cultured in growth media to obtain ~90% confluency in each
well (24 hours). After confluency, cells were synchronized with basal media (1% FBS)
for 2 hours, then washed with HEPES-buffered saline (J61329-AP; Thermo Scientific,
Waltham, MA, USA). FFB was dissolved in basal media and cells were pre-treated with
FFB at different concentrations (20, 100 and 200 µg FFB/mL) for 2 hours, followed by
treatment of TNF-a (5 ng/mL) for another 6 hours. Cell medium supernatants were
collected for detection of chemokine MCP-1 using a human MCP-1/CCL2 ELISA kit.
After removal of supernatant, cells were fixed in 1X PBS containing 4%
paraformaldehyde for 20 minutes at room temperature, then washed five times with 0.1%
Tween20 in 1X PBS. Cells were blocked with Intercept® PBS Blocking Buffer for 1
hour, then incubated overnight at 4o C with primary antibody anti-VCAM-1, diluted
1:1000 with blocking buffer in treatment wells. Cells were washed five times against with
Tween20 solution, then incubated with secondary IRDye goat anti-rabbit IgG antibody
(1:800) for 1 hour at room temperature in the dark with the addition of CellTagTM 700
stain (1:500) for normalization. Secondary antibody was removed, and cells were washed
for a final time with Tween20 solution. Plates were scanned with the Odyssey CLx
Infrared Scanning System (Li-Cor, Lincoln, NE, USA) in both the 700 (red) and 800
(green) nm channels using the following settings: 169 µM resolution, lowest scan quality,
4.0 mm focus offset. Images were collected and 800 nm channel intensity was used for
analysis. An ICW where HUVECs were treated with different concentrations of g-GluCys-Gly (GSH) (0.1, 0.5, 1, 1.5 mM) to confirm the known bioactivity of GSH; the
results are shown in Supplementary Figure 4.2. Images of 96-well plates of FFB and
CAC in the red, green, and merged channels are shown in Supplementary Figure 4.3.
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4.2.10. Statistical Analysis
Data sets were confirmed to be normally distributed using the D’Agostino &
Pearson test. Statistical analysis was performed for multiple groups using a one-way or
two-way analysis of variance (ANOVA), or an unpaired two-tailed t-test, followed by
Tukey’s multiple comparisons test using the GraphPad Prism software (v. 9). Data is
presented as ± standard error of the mean (SEM) and statistical significance is considered
at p < 0.05.
4.3. Results
4.3.1. pH, Bacterial Counts and Peptide Content of Fermented GNB
To measure the growth of Limosilactobacillus reuteri LTH5448 strains, Great
Northern beans (Phaseolus vulgaris L.) were ground into a powder and fermented for up
to 72 hours. Samples were taken at various time points during the fermentation and pH
was measured. Bacterial counts of samples and CAC were taken at 0, 12, 48, and 72
hours. As shown in Figure 4.1A, the pH of GNB fermented with Lb. reuteri WT dropped,
reaching a pH of 4 at 8 hours of fermentation. This is comparable with previous results
stating the ideal growth pH of Lb. reuteri LTH5448 and the respective mutant strains
(Yan, et al. 2018). The pH of CAC maintained its original pH of 3.5-4 throughout the
fermentation process, confirming its stability. The bacterial cell counts of Lb. reuteri WT
(Figure 4.1B) did not significantly differ throughout the fermentation and maintained
counts between 6 and 9 log CFU/mL. The colony morphology matched the original Lb.
reuteri LTH5448 inoculum, appearing round, opaque, and a milky white color on the
surface of the mMRS agar, matching previous studies identifying strains of Lactobacillus
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spp. (Jose, Bunt, and Hussain, 2015). CAC maintained a low cell count of 1 log CFU/mL
and below throughout the incubation, again confirming its acidification and stability.
The total peptide content of GNB fermented with Lb. reuteri LTH5448 WT and
the CAC was measured using a fluorometric assay. Lb. reuteri LTH5448 and the CAC
exhibited a linear relationship, where the peptide concentration increased with
fermentation time. The GNB fermented with Lb. reuteri LTH5448 WT exhibited
significant increases in total peptide content between 0 and 48 hours and 0 and 72 hours
(p < 0.01) (Figure 4.1C), with the highest total peptide content at 48 hours of
fermentation. The CAC (Figure 4.1D) also showed statistically significant differences
during the incubation time at times 0 and 48 (p < 0.001) and 0 and 72 hours (p < 0.01).
The significant increases during the CAC incubation could be acidification due to
constant low pH throughout incubation time and temperature. The highest total peptide
concentration was noted for GNB fermented with Lb. reuteri LTH5448 WT at 48 hours
of fermentation, with a concentration of 0.65 mg peptide/100 mg sample. GNB fermented
with Lb. reuteri LTH5448 WT samples were taken at 0, 12, 48 and 72 hours and the CAC
at 0 hours of incubation were used for further g-glutamyl peptide quantification and in
vitro anti-inflammatory activity analysis. The growth (pH, bacterial counts) and
hydrolysis (peptide content) of GNB fermented with mutant strains Lb. reuteri LTH5448
Dgcl1 and Dgcl1gcl2 are shown in Supplementary Figure 4.1.
4.3.2. Effect of Lb. reuteri LTH5448 WT Fermentation on g-Glutamyl Peptide
Quantification in FFB
To determine the concentration of g-glutamyl di- and tripeptides in GNB
fermented with Lb. reuteri LTH5448 WT, as well as the CAC, samples were prepared
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using < 3 kDa membrane ultrafiltration to filter out small peptides, like small g-glutamyl
peptides. The fermented filtered bean samples will be further identified as FFB. gGlutamyl peptides were detected and quantified using LC-MS/MS using MRM scan
mode. Out of 13 g-glutamyl peptides used for detection and quantification, 9 were found
(g-EC, g-EG, g-EY, g-EF, g-EE, g-EQ, g-EV, g-EM, and g-EY) (not detected - g-EA, gECG (GSH), g-EI, and g-EH) in the samples. Of the 9 that were detected in FFB, four gglutamyl peptides had statistically significant increases in concentration from 0 to 48
hours of fermentation (Figure 4.2A-D). The other five g-glutamyl peptides that were
detected did not show significant increases in concentration through the fermentation
process (Figure 4.2E-I).
Overall, the concentration of the individual and total g-glutamyl peptides
increased with fermentation time, linking an increase in peptide content (Figure 4.1C) to
an increase in g-glutamyl peptide concentration. The total g-glutamyl peptide content of
the CAC was 22.11 µM, compared to concentration at 0 hours of fermentation, which
was 26.34 µM. This difference between the chemically acidified control and the
fermented sample shows the strain specific accumulation of g-glutamyl peptides and the
contribution of the metabolic traits of Lb. reuteri LTH5448 WT. The overall content of gglutamyl dipeptides was significantly higher when compared to the CAC (Figure 4.2).
The highest concentration of g-EC was found in 12-hour FFB (Figure 4.2A) at 2.51 µM,
an almost 3-fold increase from 0 hours of fermentation. However, there was also a
significant increase from 0 to 48 hours (2.2-fold increase) (p < 0.01). Figure 4.2B shows
that g-EG was not detected in the CAC but was quantified in FFB at each measured time
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point. This indicates that Lb. reuteri LTH5448 WT fermentation contributes to
accumulation of g-EG in Great Northern bean. A statistically significant increase of g-EG
from 0 to 48 hours was also determined (p < 0.05). Figures 4.2C and 4.2D show the
highest g-EY and g-EF concentration at 0.79 µM and 1.43 µM at 48 hours of
fermentation, respectively, with statistically significant increases from 0 to 48 hours (p <
0.05). The statistically significant increases could contribute to the difference between the
total g-glutamyl peptide content identified in FFB and the CAC (Zhao and Gänzle, 2016).
Figures 4.2E-I show five g-glutamyl peptides that were detected in CAC and fermented
GNB, but did not have statistically significant differences between 0 and 48 hours (p >
0.05). g-EQ (Figure 4.2E) and g-EE (Figure 4.2G) did show changes from the
concentration of CAC and 0 hours of fermentation. g-EV (Figure 4.2F) was close to
significantly increasing during fermentation, going from 0.24 µM at 0 hours to 0.60 µM
at 48 hours of fermentation (p = 0.0658). g-EL (Figure 4.2I) significantly increased in
concentration from 0 to 72 hours of fermentation (p < 0.05) and majorly contributed
(63%) to the total concentration of g-glutamyl peptides identified in FFB fermented for
72 hours.
4.3.3. Anti-Inflammatory Activity of FFB
The modulation of the inflammatory response induced by TNF-a at 5 ng/mL was
examined on HUVECs pre-treated with FFB at 0, 12, 48, and 72 hours, as well as the
CAC at 0 hours (Figure 4.3). In addition, known anti-inflammatory g-glutamyl peptide,
glutathione (GSH; g-ECG) was used as a pre-treatment on HUVECs induced by TNF-a
and the inflammatory response was measured (Supplementary Figure 4.2). This analysis
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was done to confirm the bioactivity of GSH as well to use as a control against FFB and
CAC.
As shown in Figure 4.3A, pre-treatment of 12-hour FFB at the highest dose, 200
µg FFB/mL, significantly reduced the expression level of cellular biomarker VCAM-1
when compared to the positive control by 27.84%. Furthermore, 48-hour FFB at 100 µg
FFB/mL and 200 µg FFB/mL significantly reduced the expression of VCAM-1 by
67.24% and 73.43%, respectively. 72-hour FFB at all three tested concentrations (20,
100, and 200 µg FFB/mL) was not significantly different from the negative control (p >
0.05), showing that VCAM-1 expression decreased to similar levels of the negative
control, which was not induced by TNF-a. The addition of 72-hour FFB essentially
reversed the induced inflammatory response, which is similar to other results observed
with fermented bean (Chen, et al. 2019).
In the case of MCP-1 chemokine production (Figure 4.3B), the reduction from the
positive control to FFB at various times was not as drastic as the VCAM-1 production,
but still statistically significant. 48-hour FFB at 200 µg FFB/mL showed a statistically
significant reduction to 869.86 ± 80.08 pg/mL from the positive control of 1188.38 ±
67.38 pg/mL, a reduction of 26.80%. 72-hour FFB at both 100 and 200 µg FFB/mL
resulted in a statistically significant reduction from the positive control by 29.05% and
32.49%, respectively.
Overall, the decrease in production of cellular biomarker VCAM-1 and
chemokine MCP-1 was found to be dose-dependent. At 200 µg FFB/mL, pre-treatment of
FFB at 72 hours was significantly effective at reducing the inflammatory response
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induced by TNF-a in HUVECs. Especially in VCAM-1, the addition of 72-hour FFB at
all dosages effectively ameliorated the inflammatory response, with expression values
similar to the negative control. Thus, this shows that 200 µg FFB/mL effectively reduces
the inflammatory response in HUVECs and can be identified as an anti-inflammatory
extract.
4.4. Discussion
This study demonstrates that fermentation of Great Northern beans (Phaseolus
vulgaris L.) with Lb. reuteri LTH5448 could produce g-glutamyl peptides during
fermentation, as well as exhibit anti-inflammatory activity in an in vitro model. Enzymes
such as g-glutamyl transferase and g-glutamyl cysteine ligase (GCL) have been suggested
to contribute to the synthesis of g-glutamyl peptides in foods; however, little research has
been done on the pathways involved in the formation of g-glutamyl peptides in bacteria
(Sofyanovich, et al. 2019; Speranza and Morelli, 2012). GCL has been found to be
present in specific groups of Lactobacillus spp. and that two enzymes, Gcl1 and Gcl2,
were found to mediate synthesis of specific g-glutamyl peptides in sourdough bread
fermentation with Lb. reuteri LTH5448 (Yan, et al. 2018). However, the biosynthesis of
g-glutamyl peptides in fermented Phaseolus vulgaris L. has not been researched and the
pathways behind the synthesis have not been specifically elucidated. This research is the
first step in elucidating the pathways behind g-glutamyl peptide formation and synthesis
in fermented common bean.
The growth of Lb. reuteri LTH54448 WT in fermented GNB was measured
through pH and cell counts throughout the fermentation process (Figures 4.1A and B). A
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chemically acidified control (CAC) at pH 3.5 to 4 was also incubated for the same
amount of time to simulate the end products from lactic acid bacteria fermentation and to
confirm the strain-specific production of g-glutamyl peptides (Yan, et al. 2018). The ideal
pH to maintain growth of Lb. reuteri and other Lactobacillus spp. is around 3.5 to 4.
During lactic acid fermentation, essential factors such as time, temperature, and water
activity aid in the growth of lactic acid bacteria and in reducing the pH level (Sharma, et
al. 2020). A previous study identified that Lb. reuteri LTH5448 grows better in aerobic
conditions, as compared to anaerobic conditions for other Lb. reuteri strains (Yan, et al.
2018). These specific growth conditions and pH level can aid in the production of aroma
and flavor compounds, as well as the production of bioactive and nutritional components
(Gan, et al. 2017; Zhao, Schieber, and Gänzle, 2016). Before the fermentation process,
Lb. reuteri LTH5448 strains were subcultured twice for purification and then used for
fermentation. This allowed the starting concentration of Lb. reuteri LTH5448 to be ~8
log CFU/mL. The WT strain growth decreased in bacterial concentration throughout
fermentation (Figure 4.1B). Microorganisms go through multiple phases when growing in
medium – the lag phase begins the growth, log phase is the exponential increase in cells
and generation time is measured, the stationary phase is measured by number of new
cells equaling the number of dead cells, and the death phase is when cell death is faster
than regeneration (Śliżewska and Chlebicz-Wójcik, 2020). This growth curve observation
can be seen in Figure 4.1A, where the pH drops at around 8 hours of fermentation,
indicating the log phase. The pH then stays stationary for the remainder of fermentation,
which can indicate the stationary and death phases. During microbial fermentation and
other enzymatic processing methods, proteins undergo hydrolysis, which breaks down the
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large proteins into small peptides and free amino acids (Toldrá, et al. 2018). Enzymes
such as proteases and peptidases produced from microorganisms contribute to proteolysis
and allow peptides to be released and exert their potential bioactivity (Chai, et al. 2020).
The increase in total peptide content of GNB fermented with Lb. reuteri LTH5448 strains
indicates that the proteolytic activity of the fermented GNB is also increased due to the
high concentration of peptides. As the cells are growing at an exponential rate, they can
release more proteolytic enzymes that are able to increase the total peptide content
(Toldrá, et al. 2018). The total peptide content of the CAC also significantly increased
throughout the incubation period. Previous studies have identified that a change in
temperature and acid extraction under low-pH conditions (pH < 4) can solubilize
proteins, thus increasing total peptide content (Boye, Zare, and Pletch, 2010). Processing
methods such as acidification allow hydrolysis of proteins and large compounds in the
food matrix. However, it is unknown if the increase in total peptide content in the CAC
also produces high concentrations of potentially bioactive compounds and if CAC at 48
or 72 hours is also bioactive. Supplementary Figure 4.1 summarizes the pH, bacterial cell
counts, and peptide content of GNB fermented with Lb. reuteri LTH5448 Dgcl1 and
Dgcl1gcl2. Supplementary Figure 4.1A shows the pH decrease of these two strains,
which is similar to the pH drop in GNB fermented with Lb. reuteri LTH5448 WT. The
Dgcl1gcl2 strain increased in cell concentration during fermentation, which could be due
to a slow lag phase (Śliżewska and Chlebicz-Wójcik, 2020). This is also indicated in the
total peptide content of GNB fermented with LTH5448 Dgcl1gcl2, where there was a
significant increase from 0 to 12 hours of fermentation (Supp. Figure 4.1D). A slower lag
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phase during subculture can contribute to an increase in growth during fermentation, as
well as proteolysis, indicated by total peptide content (Toldrá, et al. 2018).
g-Glutamyl peptides are naturally occurring in many types of foods, including
members of the allium family (garlic, onions) and legumes, as well as fermented foods
such as cheese and soy sauce (Yang, et al. 2019; Frerot and Chen, 2013). To determine
the concentration and synthesis of g-glutamyl peptides in Lb. reuteri-fermented Great
Northern beans, samples fermented with the LTH5448 wild type (WT) strain at 0, 12, 48,
and 72 hours were filtered using < 3 kDa membrane ultrafiltration and used for further
analysis (filtered fermented bean; FFB) – this was chosen from the high total peptide
content produced from this strain. < 3 kDa membrane ultrafiltration was performed due to
the molecular weight of small peptides that were quantitated. The chemically acidified
control (CAC) collected at 0 hours of incubation was also ultra-filtered and quantitated
for g-glutamyl peptides. Twelve g-glutamyl dipeptides were chosen for LC-MS/MS
quantification, as well as the inclusion of tripeptide g-ECG, also known as glutathione
(GSH) (Supp. Table 4.1). GSH is a known bioactive peptide that is naturally found in
foods. GSH also contributes to the synthesis of g-glutamyl dipeptides via the role of gglutamyl transferase enzyme (Pophaly, et al. 2012). During fermentation, g-glutamyl
peptides synthesized from GSH have been found to form from other microorganisms,
including Saccharomyces cerevisiae (Sofyanovich, et al. 2019) and yogurt starter culture,
which consists of Streptococcus thermophilus and Lactobacillus delbrueckii subsp.
bulgaricus (Chen, et al. 2019). Of the 13 total g-glutamyl peptides chosen for
quantification, only 9 were detected in FFB (Figure 4.2). The 9 detected g-glutamyl
peptides were then divided into two groups – four g-glutamyl peptides had statistically
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significant increases between 0 and 48 hours of fermentation (Figures 4.2A-D) and the
other five did not have statistically significant increases, but were still detectable in FFB
(Figures 4.2E-I). In this method of quantification, GSH was not detected in FFB or the
CAC. This could be due to the method and type of GSH used, as there are other
analytical methods used to detect GSH concentration in foods, and the possibility that the
GSH is in an oxidized form in FFB. In sourdough fermentation with Lb. reuteri LTH5448
strains, g-EF was identified and increased in concentration over fermentation time (Zhao
and Gänzle, 2016), which is similar to this study (Figure 4.2D). However, that study also
identified a significant increase in g-EE, g-EI, g-EM, and g-EV, which either did not
significantly increase over fermentation time (Figures 4.2F, G, and H), or were not
identified in FFB (g-EI). g-EL has been previously identified in common bean milk and
yogurt (Chen, et al. 2019) and increased after fermentation (Figure 4.2I). This study also
identified g-glutamyl peptides that have not previously been quantified in fermented
Phaseolus vulgaris L., such as g-EQ, g-EY, and g-EG (Figures 4.2B, C, and F), . This
study thus adds to the knowledge of g-glutamyl peptides identified in Phaseolus vulgaris
L. and the use of certain microorganisms in producing these peptides.
After confirming the presence of g-glutamyl peptides in FFB, the in vitro antiinflammatory activity was measured by inducing the inflammatory response in HUVECs
with TNF-a. Tumor necrosis factor-a (TNF-a) is an inflammatory cytokine that plays a
pivotal role in vascular dysfunction and thus contributes to the expression of various
biomarkers, chemokines, and cytokines in the cell (Zhang, et al. 2009). The expression of
cellular biomarker VCAM-1 and chemokine MCP-1 were first measured in an in vitro
anti-inflammatory model where HUVECs were pretreated with different concentrations
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of known bioactive peptide GSH (Supplementary Figure 4.2). This was to confirm the
bioactivity of the peptide and used as a control for the FFB experiments. At the highest
dosage (200 µg FFB/mL), FFB from 48 and 72 hours exhibited values similar to the
negative control, which was not induced with TNF-a. Previous studies have researched
the anti-inflammatory effect of a peptide fraction of yogurt made with common bean and
found that the release of pro-inflammatory cytokine IL-8 was reduced at concentrations
of 0.04 mg/mL in cancer cell culture models (Chen, et al. 2019). The same laboratory
later found that common bean yogurt reduced expression of inflammatory responses in a
vascular endothelial cell model (Chen, et al. 2019), thus confirming the antiinflammatory activity of fermented Phaseolus vulgaris L. in modulating vascular
dysfunction. This research contributes to the knowledge of fermented Phaseolus vulgaris
L. as an anti-inflammatory extract when fermented with known bioactive peptide
producing-Limosilactobacillus reuteri LTH5448 WT.
4.5. Conclusion
In summary, Phaseolus vulgaris L. was fermented with Limosilactobacillus
reuteri LTH5448 strains and the growth and proteolytic activity throughout the
fermentation process was measured through pH, cell counts, and peptide content. It was
found that 9 g-glutamyl dipeptides were identified in the filtered fermented bean extract.
Furthermore, the filtered fermented bean extract fermented for was found to be antiinflammatory in an in vitro cell model at a dosage of 200 µg FFB/mL. However, further
studies are required to quantify g-glutamyl peptides in Lb. reuteri LTH5448 mutant
strains Dgcl1 and Dgcl1gcl2, as well as to elucidate the anti-inflammatory activity of the
filtered fermented bean extract from those microbial fermentations. The identification of
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the pathways involved in the synthesis of g-glutamyl peptides in Phaseolus vulgaris L.
during microbial fermentation also remains subject to further investigation and analysis.
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Figures

Figure 4.1. pH (A), bacterial counts (log CFU/mL) (B), and peptide content (mg
peptide/100 mg sample) (C, D) of GNB fermented with Lb. reuteri LTH5448 WT and
CAC. Error bars represent standard error of the mean (SEM); ** and *** represent
statistically significant differences (p < 0.01 and p < 0.001, respectively; one-way
ANOVA with Tukey’s multiple comparisons test; n = 3).
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Figure 4.2. Concentration (µM) of g-EC (A), g-EG (B), g-EY (C), g-EF (D), g-EQ (E), gEV (F), g-EE (G), g-EM (H), and g-EL (I) in CAC and FFB. Error bars represent standard
error of the mean (SEM); * and ** represent statistically significant differences (p < 0.05
and p < 0.01, respectively; unpaired two-tailed t-test between 0 and 48 hours; n = 3).
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Figure 4.3. Anti-inflammatory effects of CAC and FFB on HUVECs at different
concentrations (20, 100, and 200 µg FFB/mL). The inflammatory response was induced
by TNF-a on HUVECs and evaluated by the expression of biomarker VCAM-1 (A) and
chemokine MCP-1 (B). Error bars represent standard error of the mean (SEM);
concentrations of FFB and CAC at each sample differ significantly (p < 0.05) if they do
not share the same letter (two-way ANOVA with Tukey’s multiple comparisons test; n =
3).
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Supplementary Data

Supplementary Figure 4.1. pH (A), bacterial counts (log CFU/mL) (B), and peptide
content (mg peptide/100 mg sample) (C, D) of GNB fermented with Lb. reuteri
LTH5448 Dgcl1 and Dgcl1gcl2. Error bars represent standard error of the mean (SEM); *,
**, and **** represent statistically significant differences (p < 0.05, p < 0.01, and p <
0.0001, respectively; one-way ANOVA with Tukey’s multiple comparisons test; n = 3).
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Supplementary Figure 4.2. Anti-inflammatory effect of g-ECG (GSH) on HUVECs.
The inflammatory response was induced by TNF-a on HUVECs and evaluated by the
expression of biomarker VCAM-1 (A) and chemokine MCP-1 (B). Error bars represent
standard error of the mean (SEM); *, **, and **** represent statistically significant
differences (p < 0.05, p < 0.01, and p < 0.0001, respectively; one-way ANOVA with
Tukey’s multiple comparisons test; n = 3).
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Supplementary Figure 4.3. In-cell western (ICW) layout and images of inflammatory
response of HUVECs induced by pro-inflammatory TNF-a and pre-treatment of CAC or
FFB at 20, 100, and 200 µg FFB/mL. Layout (A), green channel (800 nm) (B), red
channel (700 nm) (C), and merged channels (700 and 800 nm) (D).
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Supplementary Table 4.1. Multiple-reaction monitoring (MRM) transitions (1 and 2) for
the 13 g-glutamyl peptides used in LC-MS/MS analysis.

Peptide and
Transition

m/z ratio
(Q1 to Q3)

g-EC_1
g-EC_2
g-ECG_1 (GSH)
g-ECG_2 (GSH)
g-EH_1
g-EH_2
g-EG_1
g-EG_2
g-EY_1
g-EY_2
g-EQ_1
g-EQ_2
g-EA_1
g-EA_2
g-EL_1
g-EL_2
g-EF_1
g-EF_2
g-EV_1
g-EV_2
g-EE_1
g-EE_2
g-EM_1
g-EM_2
g-EI_1
g-EI_2

251 à 122
251 à 84
308 à 179
308 à 162
285 à 156
285 à 110
205 à 129.9
205 à 84.2
311 à 182.2
311 à 165.1
276 à 147.1
276 à 130
219 à 83.1
219 à 124.1
261 à 132.2
261 à 86
295 à 120.2
295 à 166.3
247 à 117.9
247 à 72
277 à 148.1
277 à 83.8
279 à 150
279 à 132.9
261 à 132.9
261 à 86.2

Optimal
collision
energy
(CE)
13
35
17
22
11
31
17
28
17
23
16
24
39
11
16
25
33
16
15
24
17
38
21
23
18
20

Declustering Entrance
potential
potential
(DP)
(EP)

Collision
cell exit
potential
(CXP)

30

9

13

35

6

12

30

9

15

17

6

12

33

11

10

25

7

15

31

5

17

43

5

18

29

7

24

42

6

15

24

7

18

25

7

21

40

7

20
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Supplementary Table 4.2. g-Glutamyl peptides standard curve values for HILIC-LCMS/MS analysis.

Peptide

Lowest and
highest limits of
quantification
(Peak area;
counts)

Standard curve
formula

R2
value

Coefficient
of variation
(CV %) for
lowest
dilution

g-EC

2.11E+05 à
2.27E+07

y = 2.36E+06x +
1.45E+05

0.990

0.723

g-EG

2.01E+05 à
1.36E+07

y = 1.35E+06x +
5.56E+05

0.986

0.695

g-EY

1.17E+05 à
2.07E+07

y = 2.13E+06x +
1.10E+05

0.996

0.189

g-EQ

1.44E+04 à
1.01E+07

y = 1.00E+06x –
7.45E+04

0.985

0.731

g-EL

6.46E+06 à
6.23E+07

y = 5.42E+06x +
7.36E+06

0.994

1.321

g-EF

3.45E+06 à
5.62E+07

y = 5.64E+06x +
1.31E+06

0.997

0.718

g-EV

4.49E+05 à
6.97E+07

y = 7.02E+06x +
1.18E+06

0.997

1.154

g-EE

1.23E+05 à
9.48E+06

y = 9.78E+05x +
4.00E+04

0.992

0.158

g-EM

4.55E+05 à
2.36E+07

y = 2.55E+06x +
2.01E+05

0.980

0.295
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CHAPTER 5. OVERALL CONCLUSION
The interest in pulse proteins has led to research involving the use of processing
methods to enhance the functionality and nutritional quality. Processing of pulse proteins
increases digestibility and produces compounds with health beneficial effects. However,
the effect of multiple processing techniques, germination and simulated gastrointestinal
digestion, on the nutritional quality of pulses and production of bioactive compounds is
poorly understood. Furthermore, the use of microbial fermentation of pulses with lactic
acid bacteria to produce bioactive peptides has not been elucidated. The results obtained
in this thesis are expected to reduce the knowledge gap about pulse proteins and the
functionality of bioactive peptides produced during processing.
The first objective studied the combination of germination and simulated
gastrointestinal digestion of chickpeas (Cicer arietinum L.) and the modulation of
nutritional quality and production of bioactive peptides. Germination of up to three days
increased hydrolysis of proteins and decreased antinutritional factors, improving protein
digestibility. The addition of simulated gastrointestinal digestion produced an extract that
did not significantly affect the in vitro antioxidant activity and did not produce any
significant changes in the peptide profile. Overall, germination of up to three days
significantly increased the gastrointestinal digestibility of chickpea proteins; however, it
did not affect the antioxidant activity and peptide profile. This information can elucidate
that germination does change the nutritional quality of chickpeas but is not capable of
exhibiting an increased antioxidant effect and the release of new bioactive peptides.
Further research can investigate and identify other potential bioactive compounds in
germinated chickpeas.
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Fermentation of Great Northern beans (Phaseolus vulgaris L.) with a specific
microorganism, Limosilactobacillus reuteri LTH5448, was examined to determine if
biologically active g-glutamyl peptides can be produced. Growth of the microorganism
and proteolytic activity measured throughout the fermentation modulated the production
of nine g-glutamyl peptides via LC-MS/MS quantification, with significant increases
during the fermentation period. The fermented bean extract modulated the proinflammatory responses in an in vitro cell model, identifying the extract as antiinflammatory. Further research is necessary to identify and quantify g-glutamyl peptides
in mutant strains of Lb. reuteri LTH5448, as well as elucidate the enzymatic pathways
used to produce g-glutamyl peptides in fermented Great Northern beans.
This study is a continuous effort to understand how two traditional processing
methods, germination and fermentation, can modulate the nutritional value, biological
activity, and production of bioactive peptides from pulses. This research suggests that the
consumers are able to obtain nutritional benefits from consuming these processed pulses,
especially in reducing risk factors associated with cardiovascular diseases. However,
further research should be performed to clarify the other bioactive compounds and
biological activities of germinated chickpeas, as well as to elucidate the biosynthetic
pathways behind the production of bioactive g-glutamyl peptides from fermented Great
Northern beans.

